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GLOSSARY 
Continuous stirred tank reactor (CSTR): In wastewater treatment, CSTR refers to completely 
mixed bioreactor having a continuous flow. It is assumed that the mixing occurs 
instantaneously ,and uniformly throughout the reactor as soon as the wastewater enters 
the reactor. In CSTR, the contents have characteristics similar to reactor effluent. 
Mixed Liquor: The mixture of solids with influent wastewater within the bioreactor is termed. 
as mixed liquor. The solids representing the microbial concentration within the 
bioreactor are called mixed liquor suspended solids. 
Hydraulic retention time (HRT): HRT is a measure of the average length. of time that a 
soluble compound remains in a bioreactor. 
Solid retention time (SRT): SRT is a measure of the average length of time that a particle, 
usually microorganisms remains in a bioreactor. In a wastewater treatment process, to 
maintain a constant concentration of microorganisms, sludge is separated and recycled 
at constant rate. 
Microscreen: Microscreen refers to sieves having pore sizes in micrometers. 
Acidulant: Acidulant refers to a substance added to food or beverages to lower pH and to 
impart a tart, acid taste, 
CT values: CT value is concentration (in mg/L) of free disinfectant multiplied by time (in 
minutes). It is used in water disinfection to determine the required concentration and 
retention time to achieve desired microbial quality of water. 
.. 
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ABSTRACT 
Food-processing wastewater is commonly treated using conventional aerobic treatment 
processes such as the activated sludge process. In these processes, organic pollutants are 
mineralized into carbon dioxide and water with the generation of excess bacterial biomass. 
The bacterial biomass.. (also known as excess activated sludge) produced during wastewater 
treatment has a Iow economic value. Fungal biomass, if grown on wastewater, offers several 
advantages over bacterial biomass. High fungal biomass yields derived through concomitant 
wastewater purification of food-processing wastewater could_ be the source of valuable 
biochemicals such as chitin, which has a high economic ~ value. Moreover, the better 
settleability of the fungal filaments permits aloes-cost separation and .recovery of various 
fungal by-products. 
One of the most prevailing problems in utilizing food-processing wastewater as an 
organic substrate for fungal cultivation is bacterial contamination. The proliferation of 
bacteria during fungal treatment is expected to induce competition for organic substrate and 
can affect fungal metabolism by growing on the filaments. For industrial applications, 
wastewater sterilization becomes very expensive; therefore, there is a need for acost-
effective method to control bacterial growth under nonaseptic conditions. The selection 
mechanisms create an environment for the proliferation of fungi, making fungal cultivation 
much simpler during food-processing wastewater treatment. 
This research focused mainly on improving fungal selection under nonaseptic 
conditions through selective disinfection, in addition to microscreening to retain fungi (Van 
Leeuwen et al. 2003, Miao 2005) and pH adjustment to about 4.0 (Van Leeuwen et al. 2003, 
Miao 2005, Jasti et al. 2005). Ozone was used to limit bacterial competition and promote 
fungal growth. Different ozone dosages were continuously applied to lab-scale continuous 
stirred tank reactors (CSTRs) treating corn-processing wastewater from Archer Daniels 
Midland (ADM) plants in Cedar Rapids. The effects of different ozone dosages on fungal 
biomass production, soluble chemical oxygen demand (SCOD) removal, and bacterial 
contamination in the bioreactor were evaluated. 
X1V 
An ozone dosage of about 57 mg/L provided maximum fungal biomass production and 
SCOD removal among the tested ozone dosages (from Q to about 76 mg/L). Total biomass 
concentration (sum of fungal and bacterial biomass) increased from about 1,450 mg volatile 
suspended solids (VSS)/L (control reactor without ozonation) to about 1,750 mg VSS/L at 
around 57 mg/L ozone dosage. Maximum SCOD removal of .about 90% was achieved at 
around an ozone dosage of 57 mg/L. Statistical analysis revealed that the SCOD removal, 
fungal biomass production, and bacterial biomass at about 18 and 29 mg/L ozone dosage did 
not differ significantly from that of the control. Bacterial population measurements using 
flow cytometry indicated that about one log reduction could be achieved at around 47 mg/L 
or higher ozone dosages. 
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1. GENERAL INTRODUCTION 
1.1 Introduction 
Food-processing ~ wastewater discharged from various industries is generally 
characterized as having .high organic and nutrient content. Such wastewaters .tend to result in 
environmental pollution if discharged without proper treatment. Around 75% of the total 
organic contents are soluble and can be removed by biological processes (Bertola et al. 
1999). Therefore, biological wastewater treatment is commonly used to treat food-processing 
wastewater (~ertola et al. 1999, Wang et al. 2005). These biological wastewater treatment 
processes utilize microbial communities, especially bacteria, for treating various types of 
wastewater. 
Aerobic biological wastewater treatment processes, such as the activated sludge 
process, generate about 0.4 g bacterial biomass, measured as volatile suspended. solids (VSS} 
per gram of chemical oxygen demand (COD) removed (Metcalf and Eddy 2003), thus 
producing Large quantities of biological sludge. The costs associated with the treatment and 
disposal of excess sludge accounts for 40 to 60% of the total wastewater treatment plant 
operating costs (Canales et al. 1994). The use of microfungi to treat the food-processing 
wastewater, on the other hand, is an economically attractive option, since this would not only 
mineralize the organic .matter, but also produce fungal biomass with high value biochemicals. 
The fungal protein produced during wastewater treatment can be used as a source of animal 
feed (Stevens and Gregory 1987). The settleability and dewaterability of the fungal biomass 
is also better than that of the bacterial biomass (Nigam 1994). 
The different types of biochemicals produced from fungi include enzymes, dyes, and 
lactic acids (Allan et a1. 1978, EI-Zalaki and Hamza 1979, Knorr and Klein 1986, Davoust 
and Hansson 1991), Which have broad. applications in the pharmaceutical and food industries. 
Another potential advantage of using food-processing wastewaters for fungal cultivation is 
that such waste streams are relatively free from toxic substances and pathogenic 
microorganisms, which makes them highly amenable to biological treatment. Moreover, 
food-processing wastewater also contains high concentrations of carbohydrates and/or 
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proteins (Bertola et al. 1999), which are desirable substrates for fungal cultivation. Based on 
this rationale, the fungal process was selected to treat corn-processing wastewater to achieve 
both wastewater remediation and fungal biomass production. 
One of the most prevailing problems in fungal wastewater treatment during nonaseptic 
operation is bacterial contamination. The proliferation of bacteria during fungal treatment 
results in competition for organic substrate, which ultimately affects the fungal metabolism. 
Thus, controlling the bacterial growth through selective mechanisms becomes critically 
important to obtaining afungal-rich culture during nonaseptic treatment. This research 
investigated the application of ozone as one method of selective disinfection for bacterial 
elimination during fungal treatment of corn-processing wastewater. In addition to selective 
disinfection, microscreening was also used to retain fungal biomass. A microscreen system 
maintains afungal-rich culture by selective screening of bacterial cells (Van Leeuwen et a1. 
2003). 
Thus, the main objective of this research was to enhance fungal biomass yield by using 
ozone as a selective disinfectant to minimize or eliminate bacterial population during 
nonaseptic fungal treatment. The effect of different ozone dosages on the fungal treatment 
system was also evaluated based on the fungal biomass yield and organic removal efficiency. 
1.2 Thesis Organization 
The research work reported in this thesis has been summarized in four chapters. The 
first chapter provides a general introduction. This chapter also summarizes the findings of the 
previous studies related to the present research, in particular to fungal treatment systems. The 
second chapter is a review paper on fungal wastewater treatment. The paper, titled "Use of 
microfungi for wastewater treatment and production of high value fungal. by-products: A 
review," describes various studies conducted on the wastewater treatment using fungi 
focusing on fungal by-products recovery. This paper is prepared to be submitted to Critical 
Review in Environmental Science and Technology. The third chapter is a research paper 
entitled "Ozone as a selective disinfectant for nonaseptic fungal cultivation on corn-
processing wastewater." This research paper focuses on the effects of different ozone dosages 
on organic removal, bacterial elimination, and fungal yield using corn-processing wastewater 
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as a substrate. This paper has been accepted for oral presentation in the 79th Water 
Fnvi~onn~ent Federation's Technical Ea~hibition and Conference (WEFTEC) Annual 
Conference, to be held in Dallas, Texas, from October 21 to 25, 2006. This paper has been 
prepared for possible publication in the journal of Applied Biochemistry and Biotechnology. 
Chapter 4 documents the general conclusions of this research. Literature cited during this 
research. has been presented at the end of each chapter. 
1.3 Literature Review 
1.3.1 Food-processing wastewater treatment 
The agri-based industry utilizes large quantities of water during the production process, 
generating large quantities of wastewater. The wastewater usually contains carbohydrates, 
such as starch, and sugars, and about 75% of the total organic content is soluble (Bertola et 
al. 1999). From an _industrial and environmental perspective, proper waste management is 
important to reduce. environmental pollution. It reduces the air, liquid, and solid waste 
treatment costs and provides an opportunity for recovery of by-product from the waste 
streams. For example, Catarino et al. (2006) evaluated the potential for recovery of various 
by-products from a potato chip industry. The authors examined four factors of eco-
efficiency, namely, reducing material intensity, reducing energy intensity, reducing 
dispersion of toxic substances, and enhancing recyclability. Each process stream was treated 
separately for possible recovery of by-products. Starch was recovered from slicing and 
blanching process waters using hydrocyclones, followed by vacuum filtration. The recovered 
starch was intended for use as raw material in the paper manufacturing industry. Oil and 
grease was removed from wastewater using a gravity separator. The recovered oil and grease 
could be sold to the soap manufacturing industry. Total water usage was conserved in two 
ways, through reuse of wastewater streams. Firstly, the sliced potato wash water was used for 
initial potato washing, reducing the consumption of fresh water. Secondly, the post-treatment 
wastewater was used for washing soiled potatoes as well as watering the lawns of the 
treatment facility, thereby recycling the treated wastewater and reducing the water 
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consumption. This process would reduce the wastewater surcharge expenses paid by the 
in ustry. 
Another interesting reuse of food-processing wastewater is the production of 
biodegradable plastic. from activated sludge (Suresh Kumar et a1. 2004). A number of 
bacteria are known to accumulate polymers or copolymers as an intracellular caxbon reserve 
when unfavorable environmental and nutritional conditions prevail. Poly-b-hydroxybutyrate 
(PHB) is microbial polyester produced by many bacteria and stored in cells in the form of 
granules, and it could be used for making biodegradable plastic. The authors conducted 
studies to determine conditions for maximum PHB production using sludge from an activated 
sludge plant treating food-processing wastewater. The bacterial biomass was grown on 
synthetic medium using acetate as a carbon source. The carbon to nitrogen (C/N) ratio was 
optimized based on maximum PHB production. At a C/N ratio of 144:1, a maximum of 33% 
PHB (w/w) accumulation was achieved at a mixed liquor suspended solids (MESS) 
concentration of 3.15 g/L. The intracellular polymer fraction (i.e., PHB) could reach as high 
as 792 mg/g cell mass. 
Bertola et al. (1999) determined the biokinetic parameters of an activated sludge 
system treating potato-processing wastewater. The study was conducted to optimize design 
parameters for potato-processing wastewater treatment to meet the discharge limit. The study 
indicated that there were no soluble inert components in the wastewater. The yield coefficient 
(Y} and decay constant (kd) were 0.45 g VSS/g COD and 0.024 h"1, respectively. The 
biomass yield was comparable to that of an activated sludge process treating sewage (Y = 0.4 
g VSS/g COD); however, the decay constant was much higher than in the activated sludge 
process treating domestic wastewater (kd - 0.002 h-1). 
1.3.2 Fungal wastewater treatment and by-product recovery 
The food-processing industry generates large quantities of waste annually that cause a 
serious disposal problem. The food-processing wastewaters are rich in organic content and 
minerals, which makes them a suitable feedstock for the production of secondary 
metabolites, such as acids and enzymes of industrial significance by microorganisms. The 
use of microfungi to treat food-processing wastewaters is an attractive option since the fungal 
treatment system not only converts the wastewater organics into high value fungal protein 
and other valuable biochemicals, but also produces a highly dewaterable fungal biomass, 
which can be used as a source of animal feed and potentially in human diets (Stevens and 
Gregory 1987). 
Fungi produce a wide range of fine biochemicals and enzymes and are effective in 
metabolizing complex carbohydrates such as starch (Van Leeuwen et al. 2003). Huang et al. 
(2005) evaluated the feasibility of producing lactic acid from potato starch wastewater using 
Rhizo~us a~~hizus and Rhizopus o~yzae. Favorable conditions for lactic acid production were 
found to be at pH 6.0 and temperature of 30°C. At a starch concentration of 20;000 mg/L, a 
lactic acid yield of 0.8 S to 0.92 g/g (with 1.5 -3.5 g/L fungal biomass) was achieved in 3 6 to 
48 h. R. a~~hizus had a higher capacity to produce lactic acid than R. o~yzae. Lactic acid, a 
naturally occurring multifunctional organic acid, is a valuable industrial chemical used as an 
acidulant preservative in the food industry and in many other applications in the 
pharmaceutical, leather, and textile industries, and as a chemical feedstock. One of its most 
promising applications is its. use for biodegradable and biocompatibie polylactate polymers, 
such as polylactic acid (PLA), an environmentally friendly alternative to plastics (Huang et 
al. 2005}. The major advantages of using fungi rather than bacteria for lactic acid production 
were (1) the capability of fungi to use diverse waste streams as a carbon source; (2) no 
requirement for exotic nutrients; (3) little or no need for pH adjustment, as most fungi can 
tolerate low pH environment; and (4) easy and inexpensive separation of the filamentous or 
pellet biomass from the fermentation broth (Rosenberg and Krisofikova 1995). Two other 
important considerations for using fungi were that (1) they can carry out simultaneous 
saccharification _and fermentation, as both enzyme and lactic acid are produced in-situ, and 
(2) they can secrete L-lactic acid as a sole isomer (Mirdamadi et al. 2002, Jin et al. 2003). 
Thus, food-processing wastewater can be a potential substrate for fungal growth to derive 
beneficial biochemicals. However, to culture high quantities of biomass, it is necessary to 
understand the growth of fungi in food-processing wastewater. A few important parameters 
associated with fungal cultivation are discussed in the following sections. 
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1.3 3 Optimum pH and temperature for fungal growth 
The pH has several effects on fungal metabolism, including availability of metallic 
ions, ce11 permeability, and enzymatic activity. The optimum pH for most fungi is in the 
acidic range of less than 5.0. Lower pH increases iron availability, while higher pH enhances 
enzymatic activity (Moore-Landecker 1990}. Van Leeuwen et al. (2003) conducted a series 
of batch studies to optimize pH for Rhizopus of igospo~us growth using wet corn milling 
processing wastewater from the Archer Daniels Midland (ADM) plant in Clinton, Iowa, as a 
substrate. The pH was increased from 2.5 to 7.0 in increments of 0.5 units, and growth yield 
expressed as milligrams dry biomass per milligrams COD was determined at each pH. A 
maximum biomass yield was obtained at pH of 4.0. Various other studies on fungal 
wastewater treatment have found the optimum pH for fungal growth to be around 4.0 (Jin et 
al. 1999b, Tung et aI.2004, Jaouani et a1.2005, Jasti et al. 2005). 
Van Leeuwen et al. (2003) examined the effects of temperature on fungal yield as 
shown in Figure 1.1. As evident from the figure, a temperature of 3 8°C was found to be 
optimum for fungal biomass growth. Jin et al. (1999a) also reported the highest enzymatic 
activity of fungi at a temperature of 35 to 37°C. Thus, this study was conducted at a 
temperature of 3 8°C and a pH of 4.0. 
0:4~a  
T ~~r~t~r~ ~d~~. 
~~ 
Figure 1.1 Fungal growth yield at different temperatures for Rhizopus oligospoNus (Van 
Leeuwen et al. 2003) 
1.3.4 Hydraulic and solids retention times for fungal growth 
Hydraulic retention time (HRT) and solids retention time (SRT) are two important 
design parameters in biological treatment processes. HRT indicates the time period during 
which the waste remains within the bioreactor in contact with the biomass. The time required 
to achieve a given degree of treatment depends on the rate of microbial metabolism. 
Wastewater containing readily degradable compounds such as sugar requires a short HRT, 
whereas complex difficult-to-degrade wastes such as chlorinated organic compounds need 
longer HRTs for their metabolism. SRT, on the other hand, controls the microbial biomass in 
the reactor to achieve a given degree of waste stabilization. 
SRT is related to the safety factor of the biological system, either to achieve given 
effluent standaxds or to maintain a satisfactory pollutant biodegradation rate. Maintaining a 
long SRT therefore yields a more stable operation, better toxic or shock load tolerance, and 
quick recovery from toxicity. The permissible organic loading rate in the biological treatment 
process is also determined by the SRT. Speece (1996) indicated that HRT is a deciding factor 
in process design for complex and slowly degradable organic pollutants, whereas SRT is the 
controlling design parameter for easily degradable organics. SRT is also related to biological 
activity measured as oxygen uptake rate (OUR). 
Van Leeuwen et al. (2003). determined the OUR of R. oligosporus treating food-
processing wastewater at 38°C and found that the OUR decreased at an SRT of more than 2 
days. This was primarily due to endogenous decay of the fungal culture at a longer SRT. 
Figure 1.2 shows the residual COD at different SRTs, and the maximum COD removal 
efficiency was at an SRT of 2 days. The bioreactor in the present study was operated at an 
HRT of 8 h and an SRT of 2 days. The HRT of 8 h was selected based on the previous 
research on corn-processing wastewater (Miao 2005). 
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Figure 1.2 Residual biodegradable COD at different solids retention times (Van Leeuwen et 
al. 2003) 
1.3.5 Application of microscreens for fungal selection 
Pretorius (1987) introduced the concept of size-based selection of microorganisms that 
are desirable in wastewater treatment. Pretorius and Lempert (1993) developed continuous 
systems using across-flow microscreen for microbial biomass protein (MBP) production 
during wastewater treatment with filamentous fungi. A microscreen system maintains 
enriched culture of fungi by filtering the bacterial cells while retaining the fungal filaments 
within the treatment system (Van Leeuwen et al. 2003). Thus, the SRT and HRT can be 
controlled independently, which eventually helps to control fungal and bacterial biomass 
levels in the bioreactor. The mechanism by which microscreens help control the bacterial and 
fungal biomass is illustrated here (Van Leeuwen et al. 2003). 
The fungal wastewater treatment system with a microscreen can be considered as a 
completely mixed reactor with fungal cell recycling. It is possible to control fungal retention 
in the bioreactor by using a microscreen at the effluent port. The fungi with a size larger than 
the screen pore size will remain inside the reactor, while the bacteria with a size smaller than 
the screen pore size are expected to pass through the screen and leave the system along with 
the effluent. The fungal and bacterial retention could thereby be controlled independently. 
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HRT governs the bacterial biomass concentration, while the SRT governs the fungal 
lomass. 
Solids Retention Tithe (tsF) (for mic~ofungi) 
tSF = XF V/XF q = V/q 
Where 
(1) 
tSF =Biomass in the reactor/biomass harvested per day [d] 
V =Reactor working volume [L] 
q =Flow rate of harvesting stream [L/d] 
XF =Biomass concentrations in the reactor and the harvested stream [mg dry 
biomass/L] 
Therefore, the SRT of the fungal biomass can be controlled by drawing off mixed 
liquor (at a flow rate, q) from the .reactor. 
Hydraulic and Solids Retention Time (tSB) (for Bacteria) 
tSB = V/Q 
Where 
tsB =Average liquid retention time in the reactor [d] 
V =Reactor working volume [L] 
Q =Influent/effluent flow rate into the reactor [L/d] 
(2) 
To control bacterial growth in the bioreactor, tSB must be shorter than the time required 
for bacteria to grow (i.e., a wash-out rate); otherwise fungal growth. will be suppressed due to 
increased competition from bacteria for the available substrate. Therefore, a shorter HRT {8 
h) was employed to .selectively wash-out the bacteria from the reactor, and the SRT for fungi 
depended on controlling the rate of biomass harvesting from the reactor. A high fungal. 
biomass concentration facilitates fungal predominance in the bioreactor. 
A microscreen of 100 µm was used in this research to control the hydraulic and solids 
retention times independently. The bacterial biomass retention time is equal to the HRT. 
10 
1.3.6 Selective disinfection 
Microorganisms differ in their sensitivity to various types of disinfectants. Selective 
disinfection refers to inactivation of a particular organism or group of organisms, while 
favoring other organisms. Disinfectants are mainly effective in destroying vegetative 
microbes, such as bacteria, fungi, and viruses, but -spores are difficult to destroy. Different 
disinfectants used for microbial inactivation are chlorine, chlorine dioxide, sodium 
hypochlorite, hydrogen peroxide, ozone, potassium permanganate and others (Metcalf and 
Eddy 2003). These disinfectants act differently depending on the type of species. The CT 
(concentration x time) values to achieve 99% inactivation for different disinfectants and 
organisms are presented in Table 1.1 (Karch and Loftis 1998). 
Table 1.1 CT values for 99% inactivation of organisms for various disinfectants at pH 6-7, 
5°C (Karch and Loftis 1998) 
Organisms Free Chlorine Chlorine Dioxide Ozone 
Esche~ichia toll 0.034-0.050 0.400-0.750 0.020 
Rotavi~us 0.010-0.050 0.200-2.100 0.006-0.060 
Gia~dia lamblia cysts 47-150 - 0.500-0.600 
C~ytospo~idium pay~vum 7200* 79* 5-10* 
* C in mg/L, T in~ min 
The major factors affecting the efficacy of disinfection are initial concentration of the 
microorganism, contact time, and disinfectant concentration. Chick's Iaw describes the 
microbial disinfection as elucidated by equation (3): 
Nt = No e-k~ 
Where 
No =Initial number of microorganisms 
Nt =Residual microbial concentration at time t 
t =Contact time, t 
k =Disinfection constant (t-1) 
(3) 
However, the wastewater characteristics are also important in determining the 
effectiveness of disinfection. Watson modified the Chick's equation to include coefficients 
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representing the pH and concentration of the disinfectants. The modified equation is as 
follows: 
In (Nt~No) _ -~ C" t (4} 
Where, 
Nt =Number of viable organisms at time- t 
No =Number of viable organisms at time 0 
~, =Coefficient of lethality 
C =Concentration of disinfectant 
n =Coefficient of media attributes (e.g., dilution, pH) 
t =Contact time 
Karch and Loftis (1998) examined the inactivation of Gia~dia cysts with chlorine at 
different pH levels as illustrated in Table 1.2. The required concentration of chlorine or the 
contact period. increased with increase in pH. Chlorine exhibits this pH dependence because 
the ratio of OCl- to HOCI increases with increasing pH over this pH range, and OCl^ is a 
weaker disinfectant than HOCI. 
Table 1.2 CT values for 99% inactivation of Gia~dia cysts at varying pH values (Karch and 
Loftis 1998) 
Log Removal pH < 6 pH 6.5 pH 7.0 pH 7.5 
1.0 46 54 65 79 
1.5 69 82 98 119 
2.0 91 109 130 158 
2.5 114 136 163 198 
Inactivation of .microbial pathogens takes place through a variety of biochemical 
mechanisms, including. cell membrane destruction, interference or inactivation of metabolic 
pathways, and others. -Oxidizing agents such as ozone and chlorine typically destroy the .outer 
membrane of the cells, while quaternary ammonium compounds (commonly used for surface 
decontamination) tend to block the uptake of nutrients into the cell and prevent excretion of 
waste products out of the cell (Reynolds 2002). McDonnell and Russell (1999) reviewed the 
mechanisms of disinfection and the resistance of _different organisms to various. disinfectants. 
The mechanism through which ozone disinfects microorganisms is not clearly understood. It 
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is believed that ozone disrupts cellular enzyme activity by reacting with thiol groups, and 
also modifying the purine and pyrimidine bases in nucleic acid. These broadly based effects 
of ozone account for its wide range of activity against a variety of microorganisms (Russell 
2003). 
Microorganisms evolve with certain features and characteristics that provide some 
resistance to disinfectants. Hydrogen peroxide has a greater activity against gram-positive 
than gram-negative bacteria; however, the presence of catalase or other peroxidases in these 
organisms can increase tolerance at lower concentrations (McDonnell and Russell 1999). 
Microbial agents can be classified according to their increasing resistance to disinfectants and 
heat. Table 1.3 presents the relative resistance of selected organisms to chemical 
disinfectants. However, this represents a generalized trend of resistance of the 
microorganisms to disinfectants. 
Selective disinfection has also been employed in activated sludge bulking control. 
Chlorine (Lakay et al. 1988) and ozone (Van Leeuwen 1988) have both been used to 
selectively control the growth of filamentous bacteria without significant disruption of floc-
building bacteria. Van Leeuwen (1989) also found that fungi in activated sludge used at an 
industrial wastewater treatment plant were more resistant to ozone than the bacteria. 
Table 1.3 General trend of relative resistance of microorganisms to chemical disinfectants 
(Reynolds 2002, Lawrence Berkeley National Laboratory 2005) 
Least Resistant Intermediate Resistance Most Resistant 
Lipid Viruses (Cytomegalovirus, 
Herpes simplex virus, Hepatitis B 
virus, HIV) 
Fungi (T~ichophyton sp., 
C~yptococcus sp., Candida sp. 
and others ) 
Mycobacteria (Mycobacterium 
tuberculosis, M. bovis and 
other) 
Vegetative bacteria 
(Pseudomonas ae~uginosa, 
Staphylococcus au~eus, 
Salmonella chole~aesuis) 
Non-lipid Viruses (Poliovirus, 
Coxsackievirus, Rhinovirus) 
Bacterial spores (Bacillus 
subtilis, Clostridium 
spo~ogenes and others) 
Although Reynolds (2002) and Lawrence Berkeley National Laboratory (2005) have 
classified microorganisms with different degrees of resistance to disinfectants as shown in 
Table 1.3. McDonnell and Russell (1999) presented a descending order of microbial 
resistance to antiseptics and disinfectants as given in .Figure 13. The figure, however, 
13 
represents a general trend and is not specific to a particular type of microorganism or 
} 
disinfectant. This different degree of resistance to disinfectants can be used as a basis to 
selectively suppress bacterial growth during fungal wastewater treatment under nonaseptic 
conditions. As the vegetative fungi are more resistant to disinfection than the vegetative 
bacteria, lower dosages of disinfectants can suppress bacteria to maintain a predominant 
fungal. culture under nonaseptic operation. Molds are generally more resistant. than yeasts and 
considerably more resistant than nonsporulating bacteria. It can. be speculated that the cell 
wall composition in molds confers a high level of intrinsic resistance to these organisms 
(McDonnell and Russell 1999). 
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Figure 1.3 Descending order of antiseptic and disinfectant sensitivity of microbes 
(McDonnell and Russell 1999) 
Previous studies on selective disinfection using hydrogen peroxide showed that 
hydrogen peroxide has the potential to suppress bacterial growth (Miao 2005). A continuous 
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dosing of 60 mg/L peroxide into the bioreactor was found to be optimal for controlling 
bacterial biomass growth. Coincidently, the organic removal (in terms of COD) was also 
higher at this peroxide dosage as shown in Figure 1.4. 
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Figure 1.4 Results at different hydrogen peroxide dosage (a) Biomass concentration (b) COD 
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1.3.7 Ozonation 
Ozone, first discovered by van Marum in 1782 and named by Schonbein in 1840, was 
utilized as a disinfection agent in production of potable water in France from the early 1900s 
(Zentox Corporation 2005). Ozone is produced by ultraviolet and corona discharge 
generators. Ultraviolet (UV) light systems utilize a special frequency of UV light to 
dissociate the oxygen present in air to form ozone. Corona discharge generators (Figure 1.5) 
consist of sets of two electrodes separated by a dielectric, or nonconducting material. A 
narrow discharge gap is provided through which electrical current is passed, producing a blue 
glow called a "corona." When oxygen or air is passed through this gap, it is partially ionized 
by the electron bombardment. During this process, ozone is produced .through the 
dissociation of the oxygen molecules and the reaction of atomic oxygen with diatomic 
oxygen to form tiatomic oxygen molecules (i.e., ozone). 
0 2 
Corona 
Discharge gap 
%~% 
Figure 1.5 Corona discharge generator 
High voltage 
electrode 
Dielectric 
 ~ ~3 
Ground 
electrode 
The yield of ozone obtained from corona discharge generators is significantly higher 
than that of UV-light systems under dry air conditions. The ozone yield diminishes 
significantly with the presence of moisture in the air. More importantly, there is a potential 
for the formation of nitric acid from nitric oxide by-products when moist air is used in corona 
discharge systems. To eliminate above drawbacks, silica gel was used in this study to absorb 
moisture from the air. 
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The half-life of ozone in the aqueous phase is shorter than in the gaseous phase. 
Various factors affect the half-life of ozone. Some of the factors are temperature, pH, 
dissolved solid concentration, the carbonate-bicarbonate system, and the presence of natural 
organic materials (Lenntech Water Treatment and Air Purification 2006}. The increase in 
temperature and organic matter, and the decrease in pH and carbonate reduce the half-life of 
ozone. Table 1.4 shows the half-Life of ozone at different temperatures. Farooq et al. (1977) 
showed that the degree of microbial inactivation by ozonation remained unchanged at 
different pH values. 
Table 1.4 Half-life of ozone in water at pH 7.0 (Lenntech water treatment and air purification 
2006) 
Temperature (°C) Half-life (min) 
15 30 
20 20 
25 15 
30 12 
35 8 
Ozonation is applied in water and wastewater for a variety of purposes, which include 
pathogen inactivation, decomposition of recalcitrant organic compounds in landfill leachate, 
oxidation of cyanide, laundry wastewater treatment, pharmaceutical wastewater treatment, 
textile wastewater treatment, and sludge pretreatment (Tolomei et al. 2004, Absi et al. 2005, 
Paraskeva and Graham 2005, Fernando and Othman 2006). There are several advantages of 
ozone disinfection in wastewater: (1) ozonation does not produce any toxic by-products; (2) 
it prevents regrowth of microorganisms, unlike ultraviolet and chlorine disinfection; and (3) 
it increases the dissolved oxygen (DO) concentration. 
Several studies (Wolfe et al. 1989, Joret et al. 1997, Tolomei et al. 2004, Absi et al. 
2005, Paraskeva and Graham 2005, Fernando and Othman 2006) examined the performance 
of ozonation on microbial inactivation. Warriner et al. (1985) found that ozone dosages of 2 
to 4 mg/L were effective in reducing the seeded poliovirus (3.7x105 to 1.0x106 plate forming 
units (PFU)/mL) from domestic wastewater to less than detectable levels. Moreover, the 
authors also suggested that fecal coliforms could be used as an indicator microorganism to 
examine the efficacy of ozone disinfection because they were more resistant to ozone 
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disinfection than poliovirus. Oemcke and Van Leeuwen (2005) found that ozone doses of 5 
to 11 mg/L were effective in 4-log inactivation of dinoflagellate algae (Amphidinium) in 
seawater. 
Fungal wastewater treatment system can be contaminated with bacteria under 
nonaseptic conditions (Stevens and Gregory 1987). Bacteria can use the fungi as a substrate 
for growth and can either take up nutrients from fungi, making them metabolically inactive, 
or promote competition for substrate utilization. Thus, bacterial elimination becomes 
necessary during the fungal treatment process. The aim of this research was to find ozone 
levels that would eliminate bacterial growth without a significant deleterious effect on fungi 
grown on corn-processing wastewater under nonaseptic conditions. 
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Abstract 
Conventional biological wastewater treatment generates large amounts of low value bacterial 
biomass. The treatment and disposal of this excess bacterial biomass, also known as waste 
activated sludge accounts for about 40-60% of wastewater treatment plant operation cost. On 
the other hand, fungi offer several advantages over bacteria during wastewater treatment 
processes. The fungal biomass produced during fungal wastewater treatment has a greater 
economic value than bacteria. The fungi can be used to derive valuable biochemicals and can 
also be used as a protein source. Fungi are commercially produced under .aseptic conditions 
using. expensive substrates for recovery of various high-value biochemicals. Food-
processing wastewater is an attractive alternative as a source of low-cost organic matter and 
nutrients to produce fungi with concomitant wastewater purification. This review paper 
summarizes various findings in fungal wastewater treatment, particularly focusing on 
wastewater studies conducted towards by-product recovery through wastewater treatment. 
This review provides an overview on performance of fungal treatment systems under various 
operational conditions. Important factors such as pH, temperature, hydraulic and solids 
retention time, nonaseptic and aseptic operation, and others that affect the fungal treatment 
system are discussed. Moreover, certain important practical issues such as bacterial 
contamination under nonaseptic operation are also covered. The goal of the review paper is 
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to evaluate the possibility of cultivating fungi through wastewater treatment for deriving 
valuable biochemicals. 
Keywords : Fungal wastewater treatment, fungal by-products recovery, yeast, bacterial 
contamination 
2.1 Introduction 
Microbial communities play an important role in biodegradation of organic compounds 
in wastewater. Bacteria are primarily responsible for organic pollutant removal in a typical 
biological wastewater treatment system. In conventional aerobic treatment (e.g., the activated 
sludge process}, organics are mineralized into carbon dioxide and water with the generation 
of bacterial biomass, known as secondary sludge. The activated sludge process generates 
about 0.4 g volatile suspended solids (V S S) per gram chemical oxygen demand (COD) 
removed (Metcalf and Eddy 2003). Thus, nearly half of the removed COD is actually 
transformed into new bacterial cells. Sludge processing, treatment, and disposal constitute 
one of the .major environmental problems facing many countries (Weemaes and Verstraete 
1998). In fact, the costs associated with treatment and disposal of excess sludge account for 
up to 60% of the total wastewater treatment plant operating costs (Canales et al. 1994). 
Although the anaerobic process is energy efficient and converts the wastewater organics into 
higher value biogas with less bacterial biomass, methane is a low-value by-product per se. 
These processes place a considerable burden on food-processing industries, resulting in no 
other benefits than wastewater treatment. On the other hand, microfungi are often cultivated 
in industries as a source of byproducts such as protein and biochemicals, among others, on 
relatively expensive substrates such as starch or molasses (Barbesgaard et al. 1992). The use 
of microfungi to treat high strength wastewater is an attractive option since the fungal 
treatment system not only converts the wastewater organics into high value fungal protein 
and valuable biochemicals, but it also produces highly dewaterable fungal biomass, which 
can be used as a source of animal feed and potentially in human diets (Stevens and. Gregory 
1987). Fungi can produce a wide range of fine biochemicals and enzymes, and are more 
effective than bacteria in metabolizing complex carbohydrates such as starch (Van Leeuwen 
et al. 2003). 
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Fungi act as a maj or source of nutrients among different microorganisms cultivated for 
animal and human consumption. In addition to food supplements, fungi are often cultured in 
industry for use in deriving a variety of beneficial substances such as amino acids, enzymes, 
dyes, organic acids, organic alcohols, and others (Van Leeuwen et al. 2003). The enzymes 
and amino acids, in particular, have substantial economic value. One potential source for 
producing fungal protein is food-processing wastewater, where the fungal biomass can 
proliferate quickly, utilizing the organic constituents and macro/micronutrients present in the 
wastewater. The nutrients required for fungal growth are also minimal during. the treatment 
process. The possibility of wastewater purification using yeasts and fungi for microbial 
biomass protein (MBP) production has been investigated over a period of time. The concept 
of using yeasts in the bioconversion of wastewater has attracted the attention of many 
researchers because of their ability to grow at lower pH (below 5.0), ease of cultivation, and 
growth rates faster than those of molds. The microfungi (molds or filamentous fungi) are 
_considered less suitable than yeasts for MBP production. However, the filamentous nature of 
the microfungi makes separation and recovery of the MBP from the culture media 
economical. Moreover, the obligatory acidophilic properties of the organisms suggest that the 
fungi would not act as an opportunistic pathogen (Nigam 1994, Jin et al. 1999d). Mycotoxins 
produced by pathogenic fungi through secondary metabolic processes, usually to eliminate 
other microorganisms competing in the same environment, could be a concern (Adams 
2001). The three major genera of fungi producing mycotoxins are Aspe~gillus, Fusa~iun~, and 
Penicill iuyn (Hernandez 2001). However, mycotoxins are not expected to be produced by the 
microfungi considered for cultivation. Thus, microfungi would be beneficial for afull-scale 
wastewater treatment process. 
In addition to being a source of valuable fungal by-products such as amylase, chitin, 
and lactic acids, fungi have several other advantages over bacteria. Firstly, fungi contain a 
group of extracellular enzymes that facilitate the biodegradation of difficult-to-degrade 
compounds such as phenolics compounds, dyes, and polyaromatic hydrocarbons (PAH), 
among others, through nonspecific oxidation reactions (Giraud et al. 2001, Annibale et al. 
2004, Jaouani et al. 2005). By contrast, the bacterial cell produces target-specific enzymes 
for degrading contaminants (Unitech 2004, Enzyme Technologies 2006, Tri Synergy 2006). 
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Fungi also have a greater resistance to inhibitory compounds than bacterial species. The 
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mycelial growth of fungi provides a greater protection to its sensitive organelles. The larger 
surface area of fungi acts like an adsorption layer of extra-polysaccharide matrix, protecting 
them from inhibitory compounds. Moreover, fungi, as eukaryotic cells, contain considerably 
more genes than bacteria, which further help them to resist inhibitory compounds (Guest and 
Smith 2002). This is because the higher numbers of genes impart greater reproductive 
selectivity, which may promote better adaptations to the .environment (Taylor et a1. 1996, 
Bennett and L asure 19 91) . 
One of the major reasons for using bacterial biomass in biological wastewater treatment 
is due to its well-understood growth kinetics (Metcalf and Eddy 2003}. For fungi, more 
research is needed particularly, on the kinetics of wastewater degradation and biomass/by-
product production. Thus, it is necessary to establish a better understanding of fungal systems 
to develop afull-scale wastewater treatment system. 
The purpose of this literature review is to (1} summarize the technical literature 
pertaining to fungal wastewater treatment, (2) identify the unique merits and demerits of the 
fungal process, and (3) examine the pertinent operating constraints of the fungal process. 
Additionally, the review summarizes -many important features related to fungal treatment not 
previously discussed and outlines the future research direction. 
2.2 Historical Development 
During the late 1950s to the early mid-1960s, researchers started to recognize the 
potential of fungi for wastewater treatment. The earliest research on fungal processes was 
done by Curtis (1:969). The author examined different fungal species commonly present in 
domestic wastewater and their effects on treatment. Cooke (1976) advocated the use of fungi 
in wastewater treatment because fungi appeared to show higher degradation rates than 
bacteria in wastewater, with a better ability to degrade complex compounds such as cellulose, 
hemicellulose, and lignin. A survey of fungal species indicated that around 950 species were 
present in sewage and polluted waters; however, quantitative values of each species were not 
determined (Cooke 1976). The addition, beyond the existing populations of fungal types that 
could be expected to become established and aid in the wastewater treatment process was 
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also suggested. However, Cooke's research did nat progress beyond a survey of the 
populations to create afungal-based vtrastewater treatment system (Guest and Smith 2002). 
Among the different aerobic biological wastewater treatment systems, fungi were 
found to play an important role in trickling filters (Curtis 1969, Cooke 1976, Taber 1976). 
Unlike in the activated sludge process, lichens occupy a significant part of the active biomass 
in trickling filters, which mainly consists of bacteria growing in attached mode. The biomass 
is typically attached to support media (e.g., gravel or plastic) and is known as biofilm. The 
biofilm in the trickling filter consists of bacteria, fungi, and algae. Fungal biomass is 
habitually present in larger proportions in wastewater treatment systems containing 
lignocellulosic material and lignin (plant biomass) as they have the ability to degrade these 
complex organic compounds more rapidly than bacteria (Crawford et al. 1983). In contrast to 
Cooke (1976), Taber (1976) stated that although fungi occurred naturally in wastewater, they 
do not play a significant role in biochemical oxygen demand (BOD) removal. Taber (1976) 
believed that the addition of yeasts would enhance the BOD degradation. 
Research on microorganisms and their uses in different substrates for the production of 
single cell protein (SCP) began in _the 1960's (Casas 1993). Meanwhile, the application of a 
fungal system for deriving valuable by-products started only in early 1970s. Several batch-
scale studies were conducted using_ different yeast species to produce feed biomass (animal 
feed/SCP) from wastewater (Thank and Simard 1973a). The authors screened 27 yeast strains 
to identify their ability to produce .high biomass, while maximizing reductions in phosphate, 
ammonia, and organics removal from the sterile wastewater. The COD, total nitrogen, 
ammonium nitrogen, and phosphate removal varied from 0 to 72%, 22 to 93 %, 27 to 90%, 
and 12 to 100%, respectively. In .another study, Thank and Simard (1973b) screened different 
fungal strains capable of degrading dissolved and suspended organic matter from the 
wastewater. The authors also made efforts to obtain the optimum pH and temperature for 
fungal growth in sewage during the nutrient removal. T~ichothecium ~oseufn was found to be 
ideal for wastewater treatment based on its protein content for biomass production and its 
ability to remove nitrogen and phosphorus. Hiremath et al. (1985) conducted similar batch 
studies using seven fungal species isolated from a wastewater stabilization pond to maximize 
fungal production for animal/human consumption. The experiments were conducted using a 
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filter-sterilized wastewater at room temperature fc>r a period of 10 days. The organic removal 
efficiency was lower than the nutrient remov~~l efficiency, but the difference was not 
significant with the study conducted by Thanh a.nd Simard (1973 a). The respective B OD, 
ammonium nitrogen, and phosphate removal efficiencies were 53-72%, 49-77%, and 34-
77%. Since, the culture flasks were agitated only twice a day, availability of enough oxygen 
for biodegradation might have been a limiting factor. Although the results were promising, 
they are inconclusive because important parameters such as agitation speed and pH were 
ignored. Guest and .Smith (2002) stated that the importance of experimental design and 
enumeration technique were ignored in previous studies in comparing the bacterial and 
fungal treatment systems. Most importantly, many earlier studies were conducted under 
aseptic conditions, which make it extremely difficult to adopt these data for nonaseptic 
evaluation of fungal wastewater treatment systems. 
2.3 Advantages. of Fungi in Wastewater Treatment 
A traditional biological wastewater treatment system generates large quantities of 
sludge (mainly bacterial biomass), which is of Iow value and expensive to treat before 
disposal. Meanwhile, fungi are often cultivated in industry as a source of a variety of 
valuable biochemicals. Integrating wastewater remediation with recovery of valuable 
resources may possibly lead to an economically viable solution for sustainable waste 
management. From these perspectives, the fungal process can be an attractive alternative that 
utilizes aloes-cost organic substrate as a feed to generate high value fungal by-products with 
concomitant wastewater remediation. 
The fungal wastewater treatment process offers several inherent merits, including (1) 
higher degradation rates of complex organic compounds present in wastewater due to the 
presence of specific fungal enzymes; (2) efficient solid-liquid separation of _mixed liquor 
from the wastewater treatment process; and (3) the potential to recover valuable fungal by-
pro ducts . 
Removal and/or detoxification of pollutants can be achieved by physical, chemical, or 
biological means. However, biotechnological approach is widely adopted due to its cost-
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effectiveness, and higher efficiency. Thus, the fungal process not only offers a solution to 
wastewater remediation, but also provides opportunity for by-products recovery. One of the 
several advantages of the fungal process is enzymatic treatment that provides a solution to 
the treatment of waste streams containing hazardous or xenobiotic organic pollutants. The 
enzymes are produced during all phases of the fungal Life cycle and are present even at Iow 
pollutant concentrations (Ryan et al. 2005). Fungal biomass secretes specific and nonspecific 
extracellular enzymes, and this has attracted the attention of researchers working on 
degradation of complex high-molecular weight organics. For instance, the extracellular 
enzymes secreted by white rot fungi catalyze PAH degradation through nonspecific oxidation 
reactions leading to the formation of varieties of quinines and hydroxylated aromatic 
compounds (Giraud et al. 2001). White rot fungi produce highly oxidative enzymes such as 
ligninase, phenol-oxidase, and manganese-peroxidase that are capable of degrading lignin, 
phenol, dyes, and various other xenobiotic pollutants (Elisa et al. 1991, Boyle et al. 1992, 
Yesilada et a1. 1999, Libra et al. 2003). In addition to extracellular enzyme production, 
fungal cell walls and their components play a maj or role in biosorption of toxic compounds 
during wastewater treatment. A detailed review of heavy metal biosorption by fungi can be 
found elsewhere (Kapoor and Viraraghavan 1995) and is not discussed here. 
Aksu (2005) reported biosorption of organic pollutants by different types of fungal 
species. . Denizli et al. (2004) found that fungal biomass removes considerable amounts of 
organic pollutants from aqueous solution by adsorption. Fungal biomass has been identified 
as a most effective biosorbent for removal of even toxic metals such as chromium from 
wastewaters (Say et al. 2004, Park et al. 2005). Other examples of fungal species used for 
degrading specific types of waste/wastewater include My~othecium ve~~uca~ia and T~ametes 
hirsute that degrades cellulose-rich waste; Aspe~gillus nige~ that degrades apple distillery 
waste; Phane~ochaete ch~ysospo~ium that degrades lignin; Pleu~otus oste~eatus that 
degrades lignocellulosic biomass; Alte~na~ia tennis, ~1. nige~, and T~ichode~ma vi~ide that 
degrade plastic; Humicola g~isea that degrades raffinose; and P. ch~ysospo~iuyn that degrades 
veratryl alcohol (NCIM 2005). 
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Separation and treatment of excess sludge is one of the most important steps in 
biological wastewater treatment. Most wastewater sludge undergoes additional on-site 
treatment before reuse or disposal to meet the regulatory requirements. From economic and 
operational standpoints, the settling and dewatering characteristics of the sludge must be 
known for its proper treatment. Sludge dewatering has been cited as one of the most 
_expensive and least understood processes (Alam and Razi 2003). The enhanced settleability 
of the fungal biomass offers an advantage over bacterial biomass in various facets. Though 
yeasts have a greater biological activity and higher growth rates than molds (Bergmann et al. 
1988, Gonzalez et al. 1992), the filamentous nature of molds facilitates a better separation 
and recovery for subsequently extracting by-products, thereby making molds economically 
more favorable than yeasts (Nigam 1994, Jin et al. 1999d). 
Fungi can grow in submerged culture in different forms ranging from dispersed 
filaments (filamentous growth) to filamentous pellets. Fungal pellets also have a potential 
application as immobilized cell systems that, because of their shape, and do not require cross-
linking or entrapment (Tung et al. 2004). The fungal pellets auto-immobilize the secreted 
enzymes involved in hydrolysis within its fungal matrix. De Almeida et al. (2005) found that 
the Michaelis-Menten model satisfactorily represented the invertase activity in an auto-
immobilized Cladospo~iun~ clados~o~ioides pellet during sucrose hydrolysis. Pellets of 
Aspe~gillus species have also been used as an effective immobilized enzyme supporting 
matrix for glucose oxidase and aminoacylase (Byrne and Ward 1989). This facilitates easier 
separation of the biomass from wastewater leading to reduced treatment costs (Tung et al. 
2004). The morphology of the microfungi affects settleability and it mainly depends on the 
type of strain, spore . concentration, substrate type, and growth conditions (e.g., pH, 
temperature, medium composition, etc). In addition, it also depends on agitation conditions 
employed such as specific power input, the sheer stress imposed on the fungus, the viscosity 
of the cultivation medium, and oxygen transfer in the medium (Tung et a1. 2004). The easier 
.separation of fungal biomass is based on screening or filtration, and its filamentous nature. 
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In addition to wastewater treatment, the fungal systems are also employed in a bacterial 
sludge treatment called the liquid state bioconversion process (Alam and Razi 2003, 
Mannana et al. 2005). In the liquid state bioconversion process, the filamentous fungus 
entraps/immobilizes solid particles of sludge with the formation of larger pellets/flocs and 
enhances their separation and biodegradation (Alam and Razi 2003), The fungal filamentous 
mycelia modify the structure of biosolids thereby enhance their bioseparation, dewaterability, 
and filterability (Mannana et al. 2005). 
The potential for utilizing various fungal by-products has not been explored in full-
scale wastewater treatment systems. Fungi are normally cultured under aseptic conditions in 
monocultures on relatively expensive substrates such as starch, corn syrup, or molasses. 
However, the fungal process could also utilize aloes-cost substrate such as corn processing 
wastewater for simultaneous recovery of fungal by-products and wastewater purification 
(Van Leeuwen et al. 2003, Jasti et al. 2006). Researchers evaluated different fungal species 
as a potential source of by-products as given in Table 2,1. Table 2.2 s~arizes some of the 
wastewater treatment studies carried out using fungal species to recover specific by-products. 
2.4 Microbiology of Fungi 
Fungi are eukaryotes varying in size and shape (Gravesen et al. 1994). They range from 
individual cells to long chains of cells that stretch for miles. Fungal cells are oblong (3 to 8 
µm x 5 to 1.5 µm) with very large trichomes containing organelles and large intracellular 
granules and structures. Chitin is one of the important components of fungal cell walls. Some 
fungi are saprophytes (grow on dead organic matters), while others are parasites. Fungi are. 
absorptive heterotrophs, as they break down organics by secreting digestive enzymes onto 
the substrates and then absorbing the resulting easily digestible organic molecules. Fungal 
hyphae have small volumes but large surface areas, which enhances the absorptive capacity 
of fungi. 
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Table 2.1 Fungal derived by-products and their economic importance 
Product Fungal Species Reference Applications 
Amylase A. nige~, Aspe~gillus 
o~yzae, Lentinula edodes, 
Neu~ospo~a c~assa 
El-Zalaki and Hamza 
1979 
Jin et al. 1998 
NCIM 2005 
Used in brewing and, fermentation 
industries, in the Laundry industry, in 
the paper and food industry 
Asteriquinone Aspe~gillus te~~eus NCIM 2005 Used for biomedical applications 
Cellulase Aspe~gillus fumigatus, A. 
nige~, Cladospo~ium sp., 
Co~iolus ve~sicolo~, 
Fusa~ium sp., M. 
ve~~uca~ia, N. c~assa, 
Paecilomyces sp., 
Penicillium funiculosum, 
T~ichode~ma ~eesei, T. 
vi~ide 
NCIM 2005 Used as digestive aids, for -the 
management of flatulence. 
Cell-wall lytic T. ~eesei, T. vi~ide 
ewe 
NCIM 2005 Used in hydrolysis 
- Collagenase A~th~obot~ys conoides NCIlVI 2005 Used in medicines and ointments 
Chitin Phycomyces 
blakesleeanus, 
Aabsidia~epens, Absidia 
~ blakesleeanus, 
Cunninghamella elegans 
Allan et aI.1978 
Knorr and Klein 1986 
Davoust and Hansson 
1991 
NCIM 2005 
Used to reduce serum cholesterol 
levels, for treating drinking water, 
used in medicine, cosmetics and 
other biomedical applications. 
Chitinase Aspergill us f l avus, A. 
nige~, A. oj^yzae, 
Beauve~ia bassiana, 
Penicillium ch~ysogenum 
A11an et al. 1978 
Andrade et a1.2000 
Used in ointments, medicines and 
other clinical applications 
Glucoamylase Muco~ javanicus, N. 
c~assa, Aspe~gillus sp., 
Rhizopus sp. 
Manjunath et al. 1983 
Stone et al. 1993 
Tan et a1. 1996 
Norouzian et al. 2006 
NCIM 2005 
Used in saccharification for starch 
conversion and alcohol production. 
Lactic acid Rhizopus o~yzae 
Rhizopus a~~hizus 
Rosenberg and 
Kriof~ova 1995 
Mirdamadi et a12002 
Jin et al. 2003 
Huang et al. 2005 
NCIM 2005 
Used to ferment milk. products, used 
. as a preservative in foods 
Protease Ac~emonium 
ch~ysogenum, A. flavus, 
A. o~zae, B. bassiana, 
Penicillium ~oquefo~ti, 
Beauve~ia feline, 
NCIM 2005 Used in food fermentation, used in 
medicine 
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Table 2.2 Studies on fungal wastewater treatment and by-product recovery 
Substrate Fungal Species By-product Recovered Reference 
Apple distillery wastewater Aspe~gillus awamo~i, ~: fungal protein Friedrich, 1987 
~eesei 
Starch wastewater A. o~yzae a-amylase Jin et al., 1998 
Coconut oil cake Rhizopus oligospo~us phytase Sabu et al., 2002 
(fermentation) 
Soybean and mung bean 
residue 
A. nige~ 
R. o~yzae 
Zygosaccha~omyces ~ouxii 
Candida albicans 
chitin and chito s an Suntornsuk et al., 
2002 
Fungi are broadly classified as macrofungi and microfungi according to the size of 
their fruiting. bodies. Macrofungi form fruiting bodies readily visible to the naked eye, with a 
. diameter of at least 1 mm (e.g., mushrooms}; microfungi on the other hand are microscopic, 
having minute fruiting bodies that cannot be seen by the naked eye (e.g., Penicillium). Their 
mode of reproduction is through spore formation. Most fungal spores are 2-20 µm in size and 
are of different shapes and colors (Gravesen et al. 1994). Fungi are basically classified by 
their mode of reproduction (both sexual and asexual) and the nature of their multinucleate or 
multicellular hyphal filaments. Historically, true fungi are classified into five taxonomic 
divisions. The characteristics of each division are given in Table 2.3. 
Fungi, being eukaryotic organisms, have a cellular chemistry similar to that of other 
eukaryotic organisms consisting of proteins, nucleic acids, carbohydrates, and lipids. The 
fungal. proteins mainly contain structural components, enzymes, nucleoproteins, and 
glycoproteins. The DNA base ratio (percent guanine +cytosine) of eukaryotic cells is 
reported to be 3 8 to 63 %; while the DNA content of fungi has been found to be as low as 
0.15 to 0.30% (Kendrick 2000). Most fungal carbohydrates are polysaccharides such as 
chitin, chitosan, mannan, glucan, starch, and glycogen. Chitin, a principal cell wall 
component in Dikaryomycota (group of fungi characterized by hyphae with ,perforate septa, 
which usually occur in the dikaryotic phase), is a polymer of j3-1,4 N-acetylglucosamine. 
Although glycogen is the main storage compound, disaccharides such as trihalose and sugar 
alcohols such as mannitol are also used. Lipids include fatty acids (such as palmitic, oleic 
and linoleic acids), phospholipids, and sphingolipids (Kendrick 2000). 
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Table 2.3 Characteristics of major fungal divisions (Farabee 2001, Futcher, 2005) 
Divisions Characteristics 
Chytridiomycota The fungi produce zoospores capable of moving on their own through a liquid 
medium by simple flagella. 
Zygomycota The hyphae do not have one nucleus per cell, but rather have long multinucleate, 
haploid hyphae that comprise their mycelia. Asexual reproduction is by spores 
produced in stalked sporangia. 
Ascomycota They contain more than 30,000 species of unicellular (yeasts) to multicellular fungi. 
Yeasts reproduce asexually by budding and sexually by forming asac/ascus. 
Basidiomycota Mushrooms, toadstools, and puffballs are commonly encountered basidiomycetes. 
These conspicuous features of the fungi are the reproductive structures. Sexual 
reproduction involves the formation of basidiospores on club-shaped cells known as 
basidia. 
Deuteromycota A .group of fungi that either lack the perfect stage (i.e., sexual reproduction) or whose 
perfect stage is as yet undiscovered. They reproduce most frequently by conidia or 
conidia-like spores. Many forms of deuteromycota are pathogenic, affecting man, 
animals, or plants. 
Fungi need macro- and. micronutrients for their growth, survival, and reproduction. The 
macro elements consist of carbon, nitrogen, hydrogen, oxygen, sulfur, phosphorus, potassium 
and magnesium. Hydrogen and oxygen are obtained from the metabolism of water and 
organic matters (Moore-Landecker 1990). Carbohydrates constitute the major carbon source. 
Fungi differ widely in their abilities to use different carbon sources, and their ability to utilize 
a particular carbon source may be altered by the combination of nutrients present and the 
cultural conditions, such as pH. The nitrogen source can be nitrates, nitrites, ammonium, or 
organic nitrogen depending on the type of fungi. Numerous fungi consume nitrates; 
exceptions are Blastocladiales, Sap~olegniaceae, yeasts, and higher basidiomycetes. Nitrite 
is utilized by certain fungal species. However, it tends to be toxic to most fungi and can 
deaminate amino acids or interfere in sulfur metabolism (Moore-Landecker 1990). 
Ammonium ions can act as an alternative to nitrates. 
Many fungal species can also utilize organic nitrogen because of their ability to 
decompose proteins. Growth enhancing amino acids include glycine, glutamic acid, and 
aspartic acid, while leucine can promote poor growth (Carlile and Watkinson 1994). A 
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balanced fungal medium should contain about ten times more carbon than nitrogen (i.e., 
carbon to nitrogen [C/N] ratio = 10:1). A C/N ratio of 10:1 or less ensures. high protein 
content, whereas a C/N ratio in excess of 50:1 favors the accumulation of alcohols, secondary 
metabolites, lipids, or extracellular polysaccharides (Carlile and Watkinson 1994). Essential 
micronutrients for fungal growth are iron, zinc, copper, manganese, molybdenum, and either 
calcium or strontium. Some fungi may have a requirement for a microelement that is not 
generally shared by the other fungi. For example, A. nige~ requires gallium and scandium, 
while other fungi require cobalt (Moore-Landecker 1990). Certain fungi require vitamins in 
trace quantities, while others synthesize their own vitamins. Many fungi are deficient in 
thiamin (e. g., Phycoynyces), biotin (e. g., Neu~ospo~a), riboflavin, pyridoxine, nicotinic acid, 
and others (Carlile and Watkinson 1994, Kendrick 2000). Vitamin deficiency can be 
temporary. Fungal types can have their own specific nutrient needs. Some fungal species 
require additional growth factors such as inositols, heme (e.g., Pilobolus, Physa~unZ 
polycephalus), and others (Carlile and Watkinson 1994). 
Fungi are free-living. heterotrophic osmotrophs in which assimilation of digested food 
material takes place through the cell wall (Dick 1997). Fungi absorb nutrients from the 
substrates on which .they grow. They absorb simple, easily dissolved nutrients, such as sugars 
through their cell walls. They excrete digestive enzymes to break down complex nutrients 
into simpler forms that they can absorb. Fungi derive their energy and intermediates for 
synthesis from oxidation of compounds through respiration and fermentation. Fungi produce 
large quantities of organic compounds, including acids (itaconic acids,. oxalic acids, lactic 
acid, etc.), pigments (~-carotene) and aromatic alcohols (resorcinol, phenol, etc.) .(Moore-
Landecker 1990). 
The major environmental factors affecting the growth and development of fungi 
include temperature, pH, light, moisture, and aeration. Most fungi are obligate aerobes, 
requiring molecular oxygen for their growth. Therefore, fungi are usually found growing on 
or near the surface of the substrate. Some fungi are facultative anaerobes, which survive in 
oxygen-limited environments, including sewage sludge and polluted waters (Tabak and 
Cooke 1968). Utilization of carbon and nitrogen may be affected by oxygen availability. 
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Insufficient oxygen supply increases the nutritional demand and thereby decreases fungal 
growth (Moore-Landecker 1990). 
Fungi prefer relatively high available water (aW), which is a measure of the water 
available to participate in microbial, enzymatic and chemical reactions, although higher 
forms of fungi can grow in a reduced a w . Maximum growth of most fungi occurs at an a w  of 
0.9 to 1.0, with growth for some fungi at an a w  of as Low as 0.6 (Jay 2000). Fungal activity 
also depends on water potential; the range at which all fungi are stable is 0 to -1 MPa. The 
water potential is measured in unit of pressure. It is the sum of a number of components, of 
which the most important components are osmotic potential, matrix potential, and turgor 
potential. The water potential (MPa) can be calculated with equation k (1n[aW]), where the k 
constant depends on ,temperature. Few osmophilic fungal species can survive and grow at 
low water potentials. The most osmotolerant fungi known can grow at a water potential of -
69 MPa (Carlile and Watkinson 1994). Light is a natural component of environment. 
Although_ the .growth rate of some fungi may be controlled by Light, growth of most fungi is 
insensitive to Light (Moore-Landecker 1990). Some metabolic effects of light, such as 
carotenoid biosynthesis, can occur in certain fungi. Some fungal species are colorless in the 
absence of Light, while others are not (Carlile and Watkinson, 1994). 
Temperature is extremely important in determining the growth rate of fungi. A vast 
majority of fungi are mesophiles, thriving at moderate temperatures of about 20 to 40°C. 
Psychrophilic fungi with an optimum temperature below 10°C occur commonly in regions 
covered with snow and ice during. the major part of the year. There are also thermophilic 
fungi that grow above 45°C. Maheshwari et al. (2000) have described the physiology and 
enzymes derived from thermophilic fungi. The temperature controls the specific growth rate, 
metabolism, total yield, and lag period of the fungi. The pH has various effects on fungal 
metabolism which include availability of metallic ions, ce11 permeability, and enzymatic 
activity. The optimum pH of most fungi is in the acidic range of pH < 5.0. Lower pH 
increases iron availability, while higher pH increases enzymatic activity. For fungi, it is 
possible to have two optimum pH values in a pH growth curve (Moore-Landecker 1990). 
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2. S Fungal Application in Wastewater Treatment 
Fungal wastewater treatment is a low-cost, technically simple process for the 
production of protein-rich animal feed (Stevens and Gregory 1987). Studies conducted on 
wastewater treatment have different objectives varying from organic removal to fungal 
biomass production. Coulibaly et al. (2003) reviewed some of the fungal wastewater 
treatment processes for treating domestic wastewater, agro-based industrial wastewater, dyes,. 
and metal-containing effluents. The paper describes several studies conducted on fungal 
wastewater treatment focused on ,organic pollutant removal and recovery of fungal by-
products was not their primary focus. This review, however, focuses on fungal wastewater 
treatment with recovery of value-added products 
Wastewater treatment studies have been conducted both under aseptic and nonaseptic 
conditions as summarized in Table 2.4. Early fungal studies on wastewater treatment for 
fungal by-product production were conducted under aseptic conditions. Recently, the focus 
has been on nonaseptic cultivation of fungal biomass, as it would be more cost effective for 
full-scale applications. 
Fungal wastewater treatment has various advantages, as indicated in the previous 
discussion. One additional advantage of fungal process is that a single species could be used 
for deriving different biochemical substances at various conditions. For example, A. o~yzae 
produces proteinase (Christensen et al. 1988), lipase (Huge-Jensen et al. 1989), lactoferrin 
(Ward et al. 1992), lysozyme (Tsuchiya et al. 1992), a-amylase (Jin et al. 1998), and protein 
(Jin et al. 2002, Tung et al. 2004). 
Certain industrial wastewaters are more often treated using the ability of the fungi to 
degrade complex organic compounds (Table 2.5). This includes wastewater from textile, 
olive milling and food-processing industries, and others. The objective for using fungi for 
wastewater purrcation in textile and olive mills is to remove aromatic compounds present in 
the wastewater. Typically, the food-processing wastewater has a high carbohydrate content, 
which favors fungal biomass production for fungal protein/by-product recovery. 
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Table 2.4 Fungal wastewater treatment under aseptic and nonaseptic conditions 
Types of Wastewater 
Growth 
_Condition 
Fungal Species Reference 
Apple distillery wastewater Nonaseptic A. nige~ Friedrich 1987 
Starch wastewater Aseptic A. nige~, Bergmann et al. 19 8 8 
Saccha~omyces ce~evisiae 
Starch processing Nonaseptic A. o~yzae Jin et al. 1998, 1999d 
wastewater 
Olive oil mill wastewater Aseptic F'unalina t~ogii, P. ch~ysospo~ium, Yesilada et al. 1999 
Pleu~otus sajo~-caju, Lentinus 
tig~inus, Laetipo~us sulphut~eus 
Soybean and mung bean Nonaseptic A. nige~, R. o~yzae, Z. ~ouxii, C. Suntornsuk et al. 2002 
residues (food-processing albicans 
by-products) 
Potato processing Nonaseptic R. a~~hizus Huang et al. 2003 
wastewater 
.Food-processing wastewater Nonaseptic R. oligospo~us Van Leeuwen et al. 
2003 
Cassava starch processing Aseptic A. o~yzae Tung et al. 2004 
wastewater 
Potato processing Nonaseptic Aspe~gillus foeticlus 
wastewater A. nige~ 
Mishra and Arora 
2004 
Sugar refinery wastewater Nonaseptic P. ch~ysospo~ium Guimaraes et a1.2005 
The food-processing wastewater streams are relatively free of toxic substances and 
pathogenic organisms: the preferred. substrate for fungal biomass production for animal feed. 
Moreover, potentially high proportions of carbohydrates, proteins and lipids are desirable for 
fungal cultivation. Wastewater containing starch is commonly used as substrate for fungal 
cultivation. The various studies on food-processing wastewater include Bergmann et al. 
(1988), Huang et al. (2003), Mishra and Arora (2004), Tung et al. (2004), and others. 
However, one of the prevailing problems in nonaseptic wastewater treatment is proliferation 
of bacteria, which not only compete .with fungi for organic substrates, but also deteriorate the 
dewaterability and. quality of the fungal biomass. Mikami et al. (1982) used a thermophilic 
fungus, Cephalospo~ium eichho~niae, to produce protein from cassava. This could be 
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considered as an alternative to avoid bacterial contamination. The maximum protein yield 
was found to be at 45°C and pH of 3.8. The toxicity of the microorganism was also tested 
with mice and chickens. The operating conditions of studies conducted on different types of 
wastewater are described in the Table 2.5. 
Table 2.6 siunmarizes the biokinetic parameters of the few studies described in Table 
2.5. These. parameters were compared to the biokinetics of domestic wastewater treatment 
systems using bacteria. The biokinetic properties of fungal cassava wastewater treatment 
(Tung et al. 2004) and phenolic wastewater treatment (Ryan et al. 2005) were compared with 
those of bacterial treatment and the yield coefficients were found to be similar. The specific 
growth rate (0.14 to 0.18 h-1) of a fungal treatment system applied to starch-processing 
wastewater from production of starch and gluten from wheat (Jin et al. 1998, Jin et al. 2002) 
was slightly greater than that for bacterial wastewater treatment (0.104 h-1), but much higher 
than that for fungal treatment of phenolic wastewater from a coal gasification plant (0.0104 
h"i) (Ryan et al. 2005). The endogenous rate of fungal wastewater treatment applied to wet 
corn-milling wastewater was also half that of bacterial wastewater treatment (Van Leeuwen 
et al. 2003, Metcalf and Eddy 2003). Comparing the biokinetic constants, it could be said that 
the performance of a fungal wastewater treatment system can be better than that of a bacterial 
treatment system. Though the above comparison of biokinetic parameters demonstrates the 
general behavior of bacterial and fungal cells, it is important to note that they have been used 
in operations under different conditions and substrates. 
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Table 2.6 Biokinetic parameters o~f fungi treating different types of wastewater and bacteria 
treating domestic wastewater 
Wastewater Source Biokinetic Parameters Reference 
Wheat starch processing Specific growth rate (µ): 0.14 h-1 Jin et al. 1998 
wastewater 
Wheat starch processing Yield (Y): 8.80 ~ 0.40 g/L for A. o~yzae, 8.00 Jin et al. 2002 
wastewater ~ 0..40 g/L for R. oligospo~ous 
µ: 0.18 ~ 0.35 h-~ for A. o~yzae, 0.15 ~ 0.03 h-~ 
for R. oligospo~ous 
Corn processing Endogenous respiration rate (kd): 0.001 h 1 Van Leeuwen et al. 2002 
wastewater 
Cassava starch processing Y: 0.67 g/g COD Tung et al. 2004 
wastewater 
Phenolic wastewater Y: 0.87 gbiomass/g glucose Ryan et al. 2005 
µ: 0.0104 h~1
Olive oil mill wastewater Half saturation constant (Km) with 2,6-
dimethoxyphenol: 27 ~ 2.1 µM 
Km Wlth 2,2-azlno-bls(3)-
ethylbenzothiazoline-6-sulphonic acid: 3 6 ~ 
1.2 µM 
Jaouani et al. 2005 
Domestic wastewater Y: 0.5 0 mg V S S/mg B OD 
treatment using bacteria Kd: 0.002 h-1
µm: 0.104 h-1
Metcalf and Eddy 2003 
The textile industry could apply fungi for wastewater treatment, using their ability to 
degrade organic dyes. Several studies have been conducted on the ability to decolorize 
specific dyes using fungi (Libra et al. 2003, Kandelbauer et al. 2004, Santos et al. 2004, Cing 
and Yesilada 2004). The mechanism for dye degradation by fungi is possible due to the 
production of the lignin-modifying enzymes laccase, manganese peroxidase, and lignin 
peroxidase that mineralize lignin or dyes (Michel et al. 1991, Raghukumar et al. 1996, 
Raghukumar 2000, Harazono and: Nakamura 2005, Mohorcic et al. 2006, Chander and Arora 
2006}. The decolorization by dead cells is mainly by adsorption. Fu and Viraraghavan (2001) 
reviewed fungal decolorization of dye wastewaters exclusively, and they summarized various 
studies on decolorization using dead and live cells. In addition, the various influential factors 
that affect fungal decolorization were also described. More than 3 5 fungal species were 
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identified for their ability to decolorize various dyes. However, white rot fungi are most 
commonly used for dye decolorization. 
Kandelbauer et al. (2004) studied the dye decolorization of various representative dyes 
using laccase produced by T~ametes rycodesta in an immobilized. enzyme reactor. The various 
types of dyes used in the research included anthraquinone dyes, azo dyes, indigo carmine, 
crystal violets, and others. Results indicated that laccase displayed pronounced substrate 
specificities when a range of structurally related model azo dyes was subjected to the 
biotransformation. Moreover, the immobilization of laccase also did not affect the dye 
decolorization. Cing and Yesilada (2004) studied the decolorization of Astrazon Red dye by 
F. trogii. The decolorization rate obtained by two different methods, namely the growing cell 
method (growth under agitated culture conditions) and the pellet method (free and 
immobilized fungal pellets) were compared. In the pellet method, Astrazon Red dye, a 
monoazo textile dye, was decolorized rapidly in 24 h without any visual sorption of any dye 
to the pellets. Glucose and cheese whey supplementation improved the dye decolorization 
performance of the pellets, which remained high and stable for 10 days. Santos et al. (2004) 
screened several fungal species to identify their ability to degrade a reactive dye (Blue BF). 
Among the 13 different fungal species, it was found that P. chrysosporium showed the 
highest growth rate. The organisms e~ibited decolorization rates of 39 to 51%. Kim et al. 
(2004) worked with a membrane bioreactor (MBR) using T. versicolor for decolorization of 
reactive dyes. Different membranes were tested to determine their effect on total organic 
caxbon (TOC) and color removal efFciency. The fungal MBR combined with reverse 
osmosis (RO) was found to be the most effective for decolorization and organic removal in 
dye wastewater. 
Fungal biomass is effective in degrading complex aromatic organic compounds present 
in wastewater. For instance, phenolic compounds present in olive mill wastewater are similar 
to those derived from lignin degradation. Olive mill wastewater also consists of additional 
nutrients and is usually acidic, which favors fungal growth. Sassi et al. (2006) treated olive 
mill wastewater to produce SCP for animal feed through wastewater purification. Fungi use 
nonspecific oxidative systems, including extracellulax oxidoreductases, low-moleculax-
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weight metabolites, and activated oxygen species to degrade recalcitrant organic .compounds 
(Jaouani et al. 2005). 
Khiyami et al. (2005) demonstrated in a P. chrysosporium shake flask culture with 3 
mM veratryl alcohol addition on day 3 that this white rot fungus was able to grow and 
detoxify different concentrations of diluted corn stover and diluted corn starch pyrolysis 
liquors (Diebold and Bridgwater 1997) (10, 25, and 50% [v/v]) in defined media. Pyrolysis is 
a physical/chemical process that will liquefy a natural caxbon reservoir such as plant biomass 
into a dark brown mobile effluent that contains anhydro-sugars, such as levoglucosan (1,6-
anhydro (3-D-glucopyranose), and a wide range of oxygenated chemicals compounds. 
Unfortunately, the liquor contains toxic compounds that inhibit microbial growth unless 
removed. They illustrated that the ligninolytic enzymes produced by P. chrysosporium were 
capable of detoxifying these liquors in situ or when exogenous enzymes were added. 
Jaouani et al. (2005) worked on decolorization of olive mill wastewater without an 
additional carbon source and they found that laccase produced by P. coccineus was effective 
in decolorization by breaking down different aromatic compounds present in the wastewater 
stream. Annibale et al. (2004) conducted a similar study on the degradation of phenolic 
compounds by Panus tig~inus in a shake flask. They found that phenolic compounds were 
effectively degraded, especially 4-hydroxy-substituted phenolics such as 2-
hydroxyphenylethanol, 4-hydroxybenzoic acid, 4-hydroxyphenylacetic acid and 4-hydroxy-
3-methoxyphenylacetic acid. The authors also indicated that the polymeric aromatic fraction 
underwent simultaneous polymerization and depolymerization. While studying the role of 
fungal species in PAH (anthracene and fluoranthene were used as model compounds) 
removal in constructed wetlands, Giraud et al. (2001) found that more fungal species were 
effective in degrading fluoranthene than in degrading anthracene. 
Kurniawati and Nicell (2005) developed a kinetic model of laccase-catalyzed (from T. 
versicolor) oxidation of aqueous phenol. The model comprised mathematical expressions for 
deriving the kinetics of laccase-catalyzed reactions. It accounted for the uptake of oxygen 
and transformation of the aromatic substrate, the reaction stoichiometry, and inactivation due 
to the reaction environment to determine the biokinetics. The developed model was 
successful in predicting the transient performance of the treatment of phenol in batch 
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reactors. The degradation pathway involves two main reaction steps. The first step is 
oxidation of laccase species by oxygen to oxidized enzyme species (rate constant kl). In the 
second step, the oxidized enzymes accept one or more molecules of aromatic substrate into 
each active site and oxidize them to produce products with rate constant k2. The reaction 
between the oxidized enzymes and phenol was the rate-limiting step of the overall reaction. 
Among various fungal species, thermophilic fungi are also known to exist. The 
hypothesis behind using thermophilic fungi is that a higher growth rate will achieve a better 
degradation rate. The thermophilic fungi break down the soluble-protein fractions at a rate 
twice that of mesophilic fungi (Maheshwari et al. 2000). ~ The authors had reviewed the 
properties of thermophilic fungi and their enzyme production under thermophilic conditions. 
Nutrient removal using fungal species has also been studied by various researchers. Recently, 
it has been established that a few fungal species have the ability to use urea and aimnonia as 
a source of oxidizable. nitrogen energy as well as a nutrient source (Guest and Smith 2002). 
Eylar and Schmidt (1959) performed a comprehensive study on the ability of fungi to 
transform ammonia into nitrate and nitrite that undeniably confirmed fungal nitrification. 
Falih and Wainwright (1995) recently tested the ability of a wide range of filamentous fungi 
and yeasts to oxidize urea or ammonium. Kurakov and Popov (1996) have reported that fungi 
had one to four orders of magnitude greater resistance to inhibitory compounds such as 
herbicides and germicides (atrazine, butylate, metolachlor, trifluralin and nitrapyrin) as well 
as greater nitrate and nitrite formation ability than autotrophic nitrifying bacteria. FusariunZ 
solani has been recognized independently to show nitrification and denitrification (Guest and 
Smith, 2002). Fungal denitrification lacks nitrous oxide reductase and consequently yields 
nitrous oxide as the final end product. Other studies on fungal nitrification and denitrification 
include Shoun and Tanimoto (1991), Shoun et al. (1992), Kobayashi et al. (1996), and others. 
Enzymatic treatment of wastewaters to accelerate biodegradation of specific recalcitrant 
components by fungal species has been a recent advancement in the field of wastewater 
remediation (Karam and Nicell 1997). Among various types of microorganisms, fungi 
constituted a major proportion of the microbial population that produces these enzymes. The 
examples of recalcitrant wastewater degraded by fungal enzymes are summarized in Table 
2.7. 
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Table 2.7 Enzymatic degradation of different wastewater types (Karam and Nicell 1997) 
Type of Wastewater Enzymes Used for Degradation Enzymes Producing Fungi 
Phenolic-laden wastewater lignin peroxidase, 
chloroperoxidase, manganese 
peroxidase, lactase 
P. ch~ysospo~ium, Calda~iomyces 
fumago, Rhizoctonia p~aticola 
Cyanide-rich wastewater cyanide hydratase Gloeoce~cospo~a so~ghi 
Stemphyl ium l oti 
Food-processing 
wastewater 
L-galactonolactone oxidase 
Chitinase 
Candida no~vegensis 
Se~~atia ma~cescens 
Solid waste Cellulases T. ~eesei Penicillium strain 
2.6 Fungal Harvesting Technologies 
Fungal harvesting technologies describe the various methods used for separation of 
large quantities of fungal biomass cultivated in different wastewaters. Separation methods 
such as settling, centrifugation, screening, filtration and drying are used for fungal biomass 
separation. Though. there are a few research papers (Nigam 1994, Jin et al. 1999d) indicating 
the high settleability and easier separation of fungal biomass, the exact settleability 
characteristics of the fungal biomass have not yet been determined. There are few studies on 
the separation of fungal biomass from the substrate/mixed liquor (O'Brien and Reiland 1993, 
Barros et al. 2.003}. 
Barros et al. (2003) recovered the fungal biomass through a vacuum filtration method 
to recycle fungi for biosorption studies. O'Brien and Reiland (1993) developed an attached 
growth _patented process for ,growing and harvesting filamentous fungi on a large scale. The 
reactor consisted of a rigid cylinder, partially submerged and rotated in a biological medium 
containing a fungal medium with nutrients. The filamentous fungi grew in the rotating drum, 
wherein it was removed with a doctoring blade (i.e., a thin metal plate or scraper that is in 
contact with a rolling cylinder along its entire length to keep the cylinder clean) (Reid 1981). 
Two other technologies used by authors for immobilization of microbial biomass are 
adsorption and entrapment. In the .adsorption process, cells are directly linked to water-
insoluble carriers such as ion-exchange resins or fritted glass. Entrapment involves use of 
inert gels, such as polyacrylamide or calcium alginate, where cells are trapped within the 
polymeric matrix. However, O'Brien and Reiland (1993) specified that adsorption and 
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entrapment technologies have only limited application in fungal treatment. Fungal 
colonization on the surfaces of the bioreactor is a nuisance contributing to difficulties for 
harvesting fungi in conventional reactors and fermentors. Unkles et al. (2004) harvested 
filamentous fungi through filtration. and yeast through centrifugation on a micro scale while 
studying the relationship between nitrate reductase activity and transport into fungal cells. 
Many laboratory techniques involving fungal cultivation use filtration or centrifugation for 
biomass recovery (Barton 2000). 
Microscreening is yet another possible technique for fungal separation. In addition to 
fungal separation, microscreening helps in size-based selection of microorganisms, thereby 
establishing the predominance of a fungal monoculture under nonaseptic conditions. 
Bioreactor with a microscreen can be considered as a completely mixed reactor with fungal 
cell recycling (Figure 2.1}. It is possible to control fungal retention in the bioreactor by using 
a microscreen at the effluent port. The fungi with a size larger'than the screen pore size will 
remain inside the reactor, while the bacteria or other particles with a size smaller than the 
screen pore size are expected to pass through the screen and leave the system along with the 
effluent. The fungal retention could thereby be controlled independently. HRT governs the 
bacterial biomass concentration, while the solids retention time (SRT) governs the fungal 
biomass. 
Solids Retention Time (tsF) (fog mic~ofungi) 
tgg = Xp Vag Cl = V~Cj 
Where 
(1) 
tSF =Biomass in the reactor/biomass harvested per day [d] 
V =Reactor working volume [L] 
q =Flow rate of harvesting stream [L/d] 
XF =Biomass concentrations in the reactor and the harvested stream [mg dry 
biomass/L] 
Therefore, the SRT of the fungal biomass can be controlled by drawing off mixed 
liquor (at a flow rate, c~ from the reactor. A high fungal biomass concentration facilitates 
fungal predominance in the bioreactor. Pretorius (1987), Kuhn and Pretorius (1989), ' 
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Pretorius and Lempert (1993), and Van Leeuwen et al. (2003) have demonstrated the use of 
microscreening for culturing filamentous fungi. 
Harvesting, q 
Figure 2.1 Microscreen cell recycle reactor (Van Leeuwen et al. 2003) 
2.7 Challenges and Developments in Fungal Treatment Systems 
2.7.1 Bacterial contamination 
The goal of many non-sterile operations in fungal wastewater treatment is to evaluate 
biodegradation of contaminants -and production of fungal biomass as a value-added by-
product. One of the most prevalent problems in fungal wastewater treatment under 
nonaseptic conditions is the control of bacterial contamination. Bacterial proliferation during 
fungal wastewater treatment illustrates competition for available organic substrate utilization 
and also affects the fungal metabolism, with the bacteria using fungal filaments as a medium 
for growth and development. 
Predominance of fungal biomass in anon-sterile wastewater requires either multiple 
technologies to maintain sterile conditions or an effective method for suppressing bacterial 
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growth. Wastewater sterilization is an expensive process for preventing bacterial 
contamination under field applications, and it is employed only when economics are 
favorable. Libra et al. (2003) stated that though dye-house wastewater often has a high 
temperature and/or pH and is relatively free from bacteria, treatment with fungi requires 
temperature and pI~ adjustments to the wastewater that are also conducive to bacterial 
growth. The ability of T. ve~sicolo~ to produce oxidizing enzymes is used for decolorization 
of dye in sequencing, batch reactors (Borchert and Libra 2001). By shearing of suspended 
pellets of ~: ve,~sicolo~ in each cycle via high agitation speeds, rapid decolorization of 
reactive textile dyes in wastewater was repeatedly attained without decrease in enzymatic 
activity over time in pure culture. I-Iowever, under nonaseptic conditions, bacterial 
contamination occurred easily? causing a decrease in decolorization efficiency under 
nonaseptic conditions (Borchert and Libra 2001). Though few studies have been conducted 
to uantif the effect of bacterial cam etition on fun al wastewater treatment under q Y p g 
nonaseptic ,conditions, bacteria are expected to hinder fi~.ngal activity significantly. 
Restraining bacterial growth by creating an environment in which fungi can dominate 
would make fungal cultivation much easier in wastewater bioremediation. Such an 
environment would thus selectively suppress bacterial growth without inhibiting fungal 
growth. Different selective mechanisms for preventing bacterial growth include modification 
of the physical (operational), environmental, and physiological conditions in the bioreactor. 
The physiological properties of the microorganisms form the basis for the "primary" 
selection mechanism, whereas the .physical control mechanism constitutes the "secondary" 
selection method (Pretorius 1987). In biological wastewater treatment plants, different groups 
of microorganisms are selected for use in the purification process based on plant design and 
operating conditions. Therefore, a technical solution to the problem is to design a process to 
retain an enriched culture condition or to effectively suppress bacterial growth under 
nonsterile conditions. Thus, in order to use the fungal by-products as an animal feed or for 
deriving other by-products, it is necessary to identify and quantify the microbial composition 
present in the derived product. 
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2.7.2 Effect of hydraulic and solids retention time 
Physical properties of microorganisms such as mass and size can be dynamic tools for 
selection between two or more microbial types in a bioreactor. For instance, the filamentous 
bacterial population can be segregated from non-filamentous. bacterial forms by controlling 
operational parameters, such as HRT and SRT (Chudoba et al. 1973, Cenens et al. 2000, 
Contreras et al. 2002). Different researchers have evaluated the various factors influencing 
microbial domination in a nonsterile wastewater. Harder and Kuenen (1977) suggested that 
the dominance of a particular type of microorganism in a continuous system is primarily 
determined by the specific growth rate and initial microbial concentration in a bioreactor. 
Contreras et al. (2002) determined that the competitive growth between Sphaerotilus natans 
and Acinetobacte~ anit~atus was dictated by dilution rate, which correlated directly to 
specific growth rates. 
In a long-term continuous bioreactor operation, spontaneous mutations can occur for 
the microorganism of choice (Lindegren 1963). The growth-limiting nutrient in the 
wastewater exerts a selection pressure on the microorganisms, which can selectively favor 
the mutated organism. This selective advantage may offer an improved yield. Pretorius 
(1987) introduced the concept of size-based selection of microorganisms with desirable 
characteristics in wastewater treatment. Pretorius and Lempert (1993) created continuous 
systems using across-flow microscreen for MBP production from wastewater treatment with 
filamentous fungi. A microscreen system is useful in maintaining fungal predominance by 
allowing the bacterial cells to wash out while retaining fungal filaments in the treatment 
system (Van Leeuwen et al. 2003). Van der Westhuizen and Pretorius (1998) successfully 
limited bacterial contamination without autoclaving wastewater by controlling fungal and 
bacterial retention time separately by using a microscreen. Fungal and bacterial biomass ages 
were controlled separately by SRT (12 or 9 h) and HRT (3.3 h). Bacteria were efficiently 
washed out regardless of fungal biomass concentration at an HRT of less than 4 h. They 
concluded that fungi can dominate in the bioreactor if SRT is controlled. Van Leeuwen et al. 
(2003) introduced a microscreen (100 µm) in a cylindrical bioreactor while working under 
nonaseptic conditions. Fungal mycelia with a diameter > 5µm and lengths of several 
hundred micrometers were retained in the bioreactor whereas the bacterial cells (0.5 to 2µm) 
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passed through the microscreen and were washed out of the bioreactor. Thus, harvesting the 
mixed liquor from the bioreactor controlled the fungal retention, and the SRT of the bacteria 
would be same as the HRT. However, low fungal SRT was maintained, as dissolved oxygen 
becomes limiting due to increases in the viscosity and decay constant. This technique was 
successful in maintaining R. oligospo~us predominance under nonaseptic conditions for 
treating corn-processing wastewater. 
2.7.3 Effect of energy source 
There are various substrates including cellulosic and lignocellulosic wastes, starch 
wastes, cheese whey, spent sulfite liquor, molasses, and sugar beet pulp _that can be used for 
MBP/fungal by-product production. These substrates differ in their compositions, which are 
suitable for growing different types of fungi. For example, the white rot fungi. are commonly 
known for their ability to degrade Lignin and cellulose. Thus, white rot fungi have been 
studied for treating cork-boiling wastewater, paper and pulp mill wastewater, and other 
similar wastewaters (Raghukumar et al. 2004, Mendonca et al. 2004, Wu et aI. 2005, 
Guimaraes et al., 2005). .Among different species of white rot fungi, P. ch~ysospo~iuyn is 
most effective in degrading lignin and cellulose, but it grows slowly and synthesizes low 
quantities of extracellular enzymes (Friedrich et al. 1986). The influence of different 
substrates on the fungal selection is described in the following paragraph. 
In conventional biological wastewater treatment plants, the energy source primarily 
determines the predominant microorganism in the mixed liquor. Different microorganisms 
consume specific _substrates at different rates due to their diverse metabolisms (Wainwright 
1992). For example, Graham et al. (1976) determined the yield of R. oligospo~us, l~hizopus 
fo~mis, and Aspe~gillus co~ymbife~a on different substrates and found that yield varied based 
on the microbial preferences (Table 2.8}. 
Another concern in fungal wastewater treatment is nutrient addition. There have been 
very few studies on the effect of micronutrient supplementation on organic removal and 
fungal production in wastewater treatment. Costa et al. (2004) investigated the effects of 
different nitrogen sources (sodium nitrate, phenylalanine, .and tryptophan) on mycelial 
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production and glucose uptake by ~'onsecaea ped~osoi in the culture media in presence and 
absence of tricyclazole. 
Table 2.8 Effect of substrate on 48 h yield (g/L) of dry mycelia (Graham et al. 1976) 
Carbon Source R. oligospo~us R. fo~mis A. co~ymbife~a 
Glucose 1.452 ~ 0.12 1.410 ~ 0.05 1.720 ~ 0.09 
Galactose 1.202 ~ 0.01 0.688 ~ 0.07 0.922 X0.06 
Sucrose 0.050 ~ 0.00 0.043 ~ 0.02 0.056 ~ 0.00 
Lactose - - 0.060 ~ 0.01 
Raffinose - - 0.082 ~ 0.00 
Stachyose - - 0.146 ~ 0.03 
Soluble starch 1.183 ~ 0.00 1.100 ~ 0.01 0.871 ~ 0.02 
Tricyclazole is an inhibitor of 1, 8-dihydroxynaphthalene (DHN) melanin synthesis. The 
main characteristic of ~: ped~osoi is the production of DHN melanin. These pigments are not 
essential to the growth and development of the fungus, but on the other hand, they increase 
its_ life span and competitive capacity for food in certain environments. Production of dry 
weight of biomass in a 500 mL culture flask with tryptophan, sodium nitrate, and 
phenylalanine was found to be 2.7 X 10 1 mg, 3.0 X 10-~ mg and 3.4 X 10.1 mg, respectively. 
Tricyclazole induced higher phenol accumulation, lower glucose uptake, inhibition of 
melanin deposition on the cell, -and higher biomass production when compared with glucose 
uptake for all nitrogen sources. Stevens and Gregory (1987) studied the growth of C. 
eichho~niae in potato-processing wastewater to produce MBP. It was found that 0.61 g (dry 
weight) of product and 0.3 g of crude protein per gram of carbohydrate supply could be 
produced at pH 3.75, with the addition of mono-ammonium phosphate, ferric iron, and 
nitrogen in the .form of ammonium hydroxide. The pH was maintained at 3.75 using sulfuric 
acid. The authors indicated that fungi utilized organic protein in absence of inorganic 
nitrogen. When inorganic nitrogen was added, it was found that fungi preferred to utilize 
inorganic nitrogen rather than organic. nitrogen. 
Wu et al. (2005) found that the addition of glucose and ammonium tartrate was 
beneficial for degradation of lignin by white rot fungi. Cing and Yesilada (2004) indicated 
that glucose and cheese whey supplementation improved the stability and dye decolorization 
performance by the fungal pellets. Jasti et al. (2005) operated an attached growth bioreactor 
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with plastic composite support (PCS) tubes, with and without the addition of nutrients 
(ammonium bicarbonate and potassium hydrogen phosphate). The results indicated that 
although the addition of nutrients improved COD removal rates, it did not affect fungal 
protein production to a great extent. As effects of nutrients vary with different types of 
wastewater,. the nutrient content required for fungal growth and organic removal needs to be 
studied for each specific wastewater stream and no standard supplement fits all. 
A Laboratory scale airlift reactor with a working volume of 3.5 L was used for treating 
starch-processing wastewater (Jin et al. 1999c). Fungal protein and glucoamylase production 
was also evaluated, while using R. oligospo~us as an inoculum. A COD removal of >95% 
was achieved with 4.5 to 5.2 g of dry fungal biomass production within 14 h cultivation. The 
effect of nutrient supplementation on the biomass yield, protein content, glucoamylase 
activity and COD removal was studied with batch cultivation (Table 2.9). Although no 
significant .differences were observed in growth, slight improvements were noted in the 
protein content and COD reduction with the addition of the phosphorus sources. The starch 
processing wastewater is rich in .nutrients, which may be the reason for not having a notable 
difference with nutrient addition. Combined nutrient supplementation has nat been assessed. 
Table 2.9 Effect of nutrient supplementation on biomass yield,. protein content, glucoamylase 
activity and COD reduction (Jin et al. 1999a) 
Nutrient Source 
Biomass 
Yield (g/L) 
Protein 
Content (%) 
Glucoamylase 
Activity (U/mL) 
COD 
Reduction (%) 
None 4.66 45.56 3.66 95.8 
Ammonium sulfate 4.72 46.58 3.89 97.2 
Urea 4.67 46.34 3.75 96.4 
Ammonium nitrate 4.68 47.64 3.91 97.2 
Sodium nitrate 4.66 45.54 3.67 95.6 
Dipotassium hydrogen phosphate 5.21 48.87 3.94 97.8 
Potassium dihydrogen phosphate 4.85 47.88 3.92 96.8 
2.7.4 Effect of temperature 
Temperature affects growth rate, metabolism, nutritional requirements, regulation 
mechanisms of enzymatic reactions, and cell permeability in a microorganism (Madigan et 
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al. 2000). In addition, the structure and composition of cytoplasmic membranes in cells are 
also altered by temperature. The composition of the cytoplasmic membrane determines the 
substrate utilization rate of fungi (Madigan et al. 2000}. The Arrhenius equation suggests 
that for every 10°C increase in temperature, the rate of reaction doubles, within certain limits. 
Thus, each species of microorganism prefers a narrow range of temperature, optimum for its 
,growth _and development. Most of the studies mentioned in Table 2.3 have operated in the 
mesophilic temperature range, mainly room temperature. 
Scle~otiun~ ~olfsii had a maximum growth at a temperature of 25°C with reduced 
growth at temperatures below 20°C and above 35°C (Hussain et al. 2003).. In addition to 
affecting metabolism, temperature also plays a maj or role in determining fungal spore 
survival. Hong et al. (1997) developed a model to predict the effect of temperature on fungal 
spore longevity and found a negative semi-logarithmic relationship between longevity and 
temperature. The authors also indicated that the sensitivity of spore longevity to both 
temperature and equilibrium relative humidity varied considerably among different types of 
fungi, among_ species.: within each group, and among different strains within certain species. 
Thus, temperature effects need to be considered in fungal wastewater treatment plant design. 
The effects of temperature on bacterial growth under nonaseptic operation are also critical in 
fungal wastewater treatment. It is uncertain whether fungi or bacteria would _proliferate to ~a 
greater extent under thermophilic conditions. 
2.7.5 Effect of pH 
The biochemical and enzymatic reactions in any biological system vary with pH. 
Numerous studies have been conducted to determine the optimum pH for .different fungal 
species (Stevens and Gregory 1987, Riscaldati et a1.2000, Jin et al. 2002, Van Leeuwen et al. 
2002, Mishra and Arora 2004). In these studies, pH was optimized based on their research 
objectives (e.g., organic removal or fungal biomass/by-product production). Van der 
Westhuizen and Pretorius (1998) reported that the yield coefficients of A. fuynigatus were 
0.44, 0.3 9, and 0.3 8 g/g COD at pH 5.0, 5.5, and b. l , respectively. As pH increased, the 
number of bacteria increased from 1 x 106 to 3 0 x 106 colony-forming units (CFU)/mL. 
Similar results were also obtained by Jasti et al. (2005) while using R. of igospo~us to treat 
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wet corn-processing wastewater. The bacterial biomass concentration was found to be greater 
at pH of 4.5 than at pH of 4.0. The fungal and bacterial biomass concentration is given in 
Table 2.10. Thus, it could be concluded that the pH affects growth rate as well as the 
microbial competition in a mixed culture. 
Table 2.10 Effect of pH on fungal and bacterial biomass concentration in attached growth 
systems (Jasti et al. 2005} 
pH 
Fungal Biomass Bacterial Biomass 
(mg V S S/L) (mg V S S/L) 
3.5 80 30 
4.0 625 50 
4.5 370 70 
The morphology of the fungi is also affected by pH. The morphological changes 
affected by pH variation was from fluffy to clumpy and compact fungal pellets (Metz and 
Kossen 1977, Jin et al. 1999d). Jin et al. (1999b) investigated the morphological 
characteristics of three different strains of 14. o~yzae (DAR 1679; 3699, and 3863) and their 
yields at varying pH (3.0 to 6.0) conditions while treating starch-processing wastewater. The 
fungal morphology as well as the yield coefficients differed to a great extent at different pH 
conditions as summarized in Table 2.11. The morphology of the fungi, in turn, affects the 
viscosity of the medium, thereby affecting the oxygen transfer efficiency in the biological 
system. . Van Suij dam. and Metz (1981) .have described the influence . of various engineering 
variables- (chemical factors: carbon dioxide, substrate, pH; physical factors: shear, 
temperature, pressure) on the morphology of filamentous fungi. 
2.7.6 Bioreactor design 
Bioreactor design also plays a significant role in determining the microbial dominance 
in a nonaseptic bioreactor. Microscreens, as discussed, constitute a part of bioreactor design. 
Other designs used to obtain the predominance of a fungal monoculture include application 
of an attached/biofilm growth system, application of specific bioreactor types (e.g., an airlift 
bioreactor}, and others. 
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Table 2.11 Morphology and biomass yield (g dry weight/ L culture media) with varying pH 
for A. o~yzae strains grown in starch-processing wastewater (Jin et al. 1999b) 
Growth A. o~yzae DAR 1679 A. o~yzae DAR 3699 A. o~yzae DAR 3863 
Medium pH Morphology Yield Morphology Yield Morphology Yield 
3.0 Dispersed mycelia 2.67 Clumpy mycelia 4.69 Dispersed mycelia 2.83 
3.5 Dispersed mycelia 3.21 Compact pellets 5.03- Fluffy mycelia 3.45 
4.0 Fluffy mycelia 4.32 Compact pellets 5.18 Clumpy pellets 4.26 
4.5 Fluffy mycelia 5.22 Compact pellets 4.94 Compact pellets 5.17 
5.0 Clumpy mycelia 5.37 Clumpy pellets 4.12 Compact pellets 5.47 
5.5 Clumpy mycelia 5.25 Clumpy mycelia 3.25 Compact pellets 5.42 
6.0 Clumpy mycelia 4.54 Fluffy mycelia 3.05 Compact pellets 5.18 
Airlift bioreactors have received growing attention particularly from the bioprocessing 
industry and are recognized to be very suited for a series of aerobic processes and wastewater 
treatments. The term "airlift bioreactor" refers to a bioreactor in which the reaction medium 
is kept mixed by introduction of air or another gas (mixture) at the base of a column-like 
reactor. The reactor is equipped with either a draft tube or another device (e. g., an external 
recycle tube) by which the reactor volume is separated into gassed and ungassed regions, 
thus generating a vertically circulating flow up in the gassed region and down in the 
ungassed region. when compared with stirred tank reactors, airlift bioreactors provide 
advantages such as simple construction, low shear rates, low energy consumption, a high 
biomass, momentum, and heat transfer rates (Trager et al. 1989, Jin et al. 2002). Trager et al. 
(1989) compared the stirred and airlift bioreactors for the fermentation process with A. nige~ 
and found that the .desired morphology of the fungal culture, (i.e., pellet growth) could be 
obtained under lower stress conditions in both laboratory- and pilot-scale airlift fermentors 
(260 L) than in stirred tanks, which required high agitation to achieve similar results. 
A~milla~ia mellea produced loose fluffy pellets in an airlift fermentor, whereas compact 
sclerotic pellets appeared in a stirred tank reactor (Hansson and Seifert 1987). Under 
equivalent agitation conditions, A. awayno~i produced 20-3 0% larger pellets in a 100 L 
reactor than in a 2 L vessel when pellet size was measured by means of image analysis (Cui 
et al. 1998). 
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Airlift bioreactors are also suitable for cultivation of filamentous fungi with high 
oxygen demand and sensitivity to shear, which would be suitable for processes involving 
MBP production (Jin et al. 2002). It is possible to carry out fermentation processes in large-
scale airlift bioreactors at relatively low aeration rates, as aeration efficiency increases with 
vessel size. The external airlift bioreactor is important for large-scale aerobic fermentation 
and wastewater treatment, particularly for processing cultivation media with high viscosity, 
where high mass and heat transfer rates are required (~avrilescu and Ronan 1995). 
CJavrilescu and Roman (1995) evaluated the ability of a pilot-scale external-loop airlift 
bioreactor to overcome the p~•oblems a~•ising I'ron~ the morphology and theology of the broth 
for cephalosporin C production. The specific power consumption of the airlift bioreactor was 
two-thirds to that of a stir~•ed reactor, whereas cephalosporin C production vas comparable 
between the two reactor designs. Contrarily, Bayer et al. (1989) found yields of 
cephalosporin C from Cephalospo~ium ac~emonium to be lower in a 60 L loop airlift reactor 
because of reduced biomass production from oxygen limitation due to increased. broth 
viscosity. Jin et al. (1998) developed a simple, nonaseptic, low-cost airlift bioreactor for 
producing protein and oc-amylase while treating starch-processing wastewater. The bioreactor 
was constructed with glass pipe 70 cm in Length and 9.5 cm in diameter and had a working 
volume of 3.5 L. The aeration was regulated at about 1.0 to 1.7 volumes per reactor volume 
per minute (vvm) to keep the dissolved oxygen tension > 50%. Jin et al. (1999d) developed 
anexternal airlift.. reactor with double spargers as it was most suitable for cultivating the 
selected filamentous microfungi in a continuous process. An airflow rate up to 1.5 vvm was 
required to maintain the dissolved oxygen level > 50% saturation because of the high BOD 
of the wastewater. Such high aeration rates could be achieved in an airlift reactor with 
external circulation of mixed liquor and some additional sparged air in the external loop. 
Compact pellets and clumpy-coalesced mycelia of A. o~yzae and ~. a~~hizus cultures could 
be produced at high velocity gradients resulting from high agitation rates or high airflow 
rates (Jin et al. 1999d). Separation, effective oxygen transfer, and biomass harvesting were 
simplified greatly by this morphology. Other studies on airlift bioreactors for treating 
wastewater include Jin et al. (2002), Ryan et al. (2005) and Dhouib et al. (2006). 
59 
The geometric configuration, mycelial broth rheology, and superficial gas velocity 
affect the hydrodynamic parameters (e.g., gas holdup, oxygen transfer coefficient and mixing 
time) that influence the fungal production in a bioreactor (Jin et al. 1999a). Jin (1999a) found 
that an external airlift reactor (with double sparger) having a downriser-to-riser diameter ratio 
of 0.71 and a height of 0.2 m was best suited for fast mycelium growth and high biomass 
production. The specific growth rate of R. o~yzae grown in synthetic starch media was 0.15 
h-1. 
Gibbs et al. (2000) suggested in their review on growth of filamentous fungi in 
submerged cultures that the application of various forms of immobilization technology with 
filamentous fungi has also attracted a considerable interest and could be considered as an 
innovative option for overcoming various drawbacks of other bioreactor types. In this regaxd, 
attachecUbiofilm reactors can also be investigated for fungal growth for cultivating useful by-
products. The use of PCS tubes as attached growth media in a bioreactor helps to select the 
fungal. growth through cell immobilization for R. oligospoNus (Jasti et al. 2005}. Jirku et al. 
(2001) compared the inhibitory effects of xenobiotics on Candida maltosa and FusaNiufn 
proliferatum in suspension culture, and in artificial or natuxal biofilms. The results indicated 
that the attached cell population showed increased resistance to xenobiotic compounds. 
Moreover, only the attached fungal cells had the ability to degrade acetone and phenol. 
However, a study conducted by Kandelbauer et al. (2004) on decolorization of representative 
dyes using lactase produced by Tra~netes modesta indicated that immobilization did not 
improve decolorization. Jasti et al. (2005) cultivated R. oligospo~us in a PCS attached growth 
system using wet corn-processing wastewater and achieved a high fungal yield of 0.56 g 
VSS/g COD removed. Wu et al. (2005) used porous plastic support media while growing 
white rot fungi, and 71 %lignin degradation was achieved while treating black liquor from 
the paper and pulp industry. Khiyami et al. (2006) demonstrated P. chrysosporiunz 
production of lignin peroxidase (LiP) and of manganese peroxidase (MnP) in a defined 
medium in PCS biofilm stirred tank reactors. Lactase was not detected. The formation of the 
P. chrysosporium biofilm on PCS was essential for MnP and LiP production. The bioreactor 
was operated as a repeat batch, and no reinoculation was required between batches. Addition 
of veratryl alcohol and MnSO4 on day zero with 300 rpm agitation and continuous aeration at 
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0.005 vvm illustrated the fastest MnP production with a final yield of 63.0 U/L after 3 days 
in P. ch~ysosp~oium peroxidase culture medium. 
2.8 Future Research 
The operation and description of fungal wastewater treatment on large scale is Limited. 
Further technical and feasibility details are required for better understanding .and operation of 
fungal process for wastewater treatment. Descriptive models of fungal degradation kinetics 
and by-product recovery are needed to serve as a basis for designing wastewater treatment 
systems. Furthermore, techniques for preventing bacterial contamination under nonaseptic 
operation are critical. Bacterial proliferation can be prevented by a suitable mechanism for 
inactivation of bacteria. Cenens et al. (2000) developed a model to describe the competition 
between filamentous and floc-forming bacteria in an activated sludge process. The model 
was based. on bath kinetic selection and filamentous backbone theory, and they were 
successful.. in describing the coexistence of floc forming and filamentous bacteria. Similar 
models. should be developed for describing the growth kinetics of bacteria and fungi in 
nonaseptic conditions, as it would help in developing a mechanism to control bacterial 
proliferation. 
One of the methods for preventing bacterial propagation in a fungal treatment system is 
the use of selective disinfection, wherein a mild disinfectant dose can be added to inhibit 
bacterial growth without suppressing fungal cells. Selective disinfection has also been 
employed in activated sludge bulking control. Chlorine (Lakay et al. 1988) and ozone (Van 
Leeuwen 1988) have both been used to selectively control the growth of filamentous bacteria 
without significant disruption of floc-building bacteria. Van Leeuwen (1989)_ and Camel and 
Bermond (1998) found that fungi are more resistant to ozonation than bacteria. Traditional 
disinfection methods, such as ozonation or UV treatment, hydrogen peroxide, chlorine, and 
others, could be effective as selective disinfectants. 
Advances in biotechnological applications in recent years have made it possible to 
obtain desired characteristic in various microorganisms through genetic engineering. It is also, 
possible to increase fungal by-product production by genetically engineered fungal cultures 
to enhance a specific product excretion. This enhanced byproduct production could be 
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obtained through classical mutagenesis, which can help in both. MBP production and 
microbial screening. It also may be possible to use recombinant DNA technology for 
developing fungi for specific product production at -available growth conditions (pH, 
temperature, specific substrate, and others). Microbial growth parameters,_. mutagenesis, strain 
selection, and genetic engineering of filamentous fungi are well established and could be 
used to improve competitiveness, organic conversion, and/or separability. 
There have been a few studies on genetic modification of fungal species (Christensen 
et al. 1988, Ward et al. 1992). For example, when chitin synthase genes isolated from .R. 
of igospo~us were probed into S ce~evisiae, elevation in synthase activity was achieved 
(Motoyama et al. 1994). Genetic modification of fungal species for organic compound 
removal and biomass production in wastewater treatment is yet to be done. If this can be 
achieved, there could be a breakthrough in fungal wastewater treatment. 
2.9 Summary 
Microfungi can be used for treatment of a variety of wastewaters, ranging from readily 
degradable food-processing wastewater (Huang et a1. 2003, Mishra and Arora 2004) to 
highly polluting recalcitrant milled olive oil processing wastewater (Nigam 1994, 
Raghukumar et al. 2004). Fungal treatment technology is well suited for resource recovery, 
especially due to the ability of fungi to produce various enzymes, amino acids, and other 
biochemical compounds that are economically valuable. This comprehensive review has 
discussed various studies conducted on different types of wastewater and fungal species 
suited for COD removal and biomass/by-product production. Particular emphasis has been 
given to the operational conditions and fungal by-product recovery in wastewater treatment. 
The prominence of bacterial contamination in fungal wastewater treatment systems under 
nonaseptic conditions has also been discussed in detail. There are very few studies on fungal 
harvesting and the nutrient requirements for fungal treatment.. Moreover, the growth and 
development of specific fungal species for particular types of wastewater is also uncertain. 
Thus, an inventory based on economics and regulatory requirements needs to be developed to 
arrive at a viable solution for constructing afull-scale fungal wastewater treatment process 
wlt resource recovery. 
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Abstract 
Bacterial growth is a common problem during nonaseptic treatment of wet corn-milling 
wastewater using micro-fungi. Selective disinfection with ozone was evaluated for 
eliminating bacterial populations during fungal treatment. A series of continuous flow-
stirred tank reactors were operated under nonaseptic conditions at 38°C, hydraulic retention 
time (HRT) of 8 h and pH of 4. This study was conducted to develop a mechanism to control 
bacterial growth and promote fungal biomass production with concomitant wastewater 
remediation. The bacterial population was reduced by one log scale when ozone was dosed at 
a concentration above 472 mg/L, with respect to the control. An ozone dosage of about 57 
mg/L was found to be effective in improving both fungal biomass production and soluble 
chemical oxygen demand (SCOD) removal. Biomass concentration increased from c. 1,450 
mg VSS/L (control) to c. 1,750 mg VSS/L at 57 mg/L ozone dosage. A maximum SCOD 
removal of 90% was achieved at 57 mg/L of ozone dosage. A dosage of around 76 mg/L 
ozone resulted in poorer fungal growth. Thus, the ozone dosage around 57 mg/L appeared to 
be optimal in promoting fungal biomass production and COD removal during fungal 
treatment of wet corn-processing wastewater. 
76 
Keywords: Selective disinfection, fungal production, bacteria, ozonation, corn-processing 
wastewater, wet corn milling. 
3.1 Introduction 
Fungal biomass is a potential source of valuable by-products, such as proteins, 
enzymes, dyes, lactic acids, and many others (A11an et a1. 1978; El-Zalaki and Hamza 1979; 
Knorr and Klein .1986; Davoust and Hansson 1991), which have broad applications in the 
pharmaceutical, feed and food industries. Commercially, fungal biomass is often cultured 
under aseptic conditions utilizing expensive substrates such as molasses (Barbesgaard et al. 
1992). Food-processing wastewater is an attractive low-cost substrate for fungal production. 
Fungal biomass can be recovered with concomitant wastewater purification. The fungal 
biomass can be used to derive valuable biochemicals of high economic value. Moreover, the 
enhanced. settleability of the fungal biomass offers an advantage over bacterial biomass in 
various aspects. The filamentous nature of fungi allows easy separation and recovery for 
deriving by-products, _thereby making these organisms economically more attractive (Nigam 
1994; Jin et al. 1999b). 
One of the most prevailing problems in fungal wastewater treatment is the occurrence 
of bacterial contamination. Stevens and Gregory (1987) reported that the mixed effluent tank 
of apotato-processing plant contained 109 bacteria/mL, and bacteria inhibited the fungal 
growth. The authors .inoculated two bacterial isolates from the potato-processing wastewater 
into media made of cassava and potato flour adjusted to a pH of 3.75 and incubated the broth 
at 45°C. Bacterial inoculum of 20 x 105 colony forming units (CFU)/mL was added to the 
media and incubated_ for 24 h. It was found that bacterial population increased to about 50 x 
105 to 90 x 105 CFU/mL. The studies indicated that bacterial cells cannot be eliminated by 
decreasing the pH and/or increasing the incubation temperature. The proliferation of bacteria 
during fungal treatment creates _competition for the utilization of the easily degradable 
organic substrate. Bacteria attached to fungal filaments can also affect fungal metabolism and 
may pose difficulties in the extraction of fungal products. Wastewater sterilization is not an 
economical option for controlling unwanted bacterial growth/contamination. Thus, there is a 
need to focus on alternative mechanisms to control bacteria during fungal treatment. 
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Restraining bacterial growth by creating an environment, in which fungi can dominate, 
makes fungal cultivation in industrial wastewater feasible. Such an environment would thus 
selectivity suppress bacterial growth without inhibiting fungal growth. These selective 
methods could become important during nonaseptic wastewater treatment. Different selective 
mechanisms for preventing bacterial growth include modification of the physical 
environment and the .physiological conditions in the biological system. Asize-based selection 
system using a microscreen in a biomass recycling bioreactor is useful in maintaining fungal 
predominance by discharging bacterial cells with the effluent while retaining and recycling 
the fungal filaments within the treatment system (Van Leeuwen et al. 2003). The research 
team has also evaluated the use of attached growth systems for enhanced fungal 
predominance during corn processing wastewater treatment (Jasti et al. 2005). 
Selective disinfection is another effective mechanism for preventing bacterial 
proliferation. Selective disinfection refers to the inactivation of undesirable microorganisms 
or specific types of microorganisms in a specific environment such as wastewater. The 
effective disinfectant. dosage for the elimination or inactivation of microorganisms depends 
on the target organisms that need to be eliminated (Karch and Loftis 1998). It also depends 
on the type of disinfectant and the wastewater characteristics. In general, the vegetative 
filamentous fungal cells have a greater resistance to disinfectants than the vegetative non-
filamentous bacterial cells (Reynolds 2002). Therefore, it can be expected that at very low 
disinfectant dosages, the bacteria may be more easily disrupted than the fungi. Ozone is a 
strong disinfectant and is effective in eliminating the microorganisms from wastewater. It 
was found that ozonation is more effective against certain filamentous bacteria than against 
floc-forming bacteria in the activated sludge process, and it has been used to inhibit the 
growth of the filamentous bacteria (Van Leeuwen 1988; Saayman et al. 1996). Van Leeuwen 
(1989) also found that fungi in activated sludge used at an industrial wastewater treatment 
plant were more resistant to ozone than the bacteria. 
The primary objective of the present research was to determine the ozone dose required 
to eliminate bacterial growth, thereby to promote fungal growth under nonaseptic conditions 
for recovery of valuable biochemicals. Microscreening, as developed by Pretorius and 
coworkers (Pretorius 1987; K" and Pretorius 1989; Pretorius and Lempert 1993), was 
~s 
employed as one of the selective mechanisms for retaining fungi in the treatment system 
while continuously wasting bacteria with the effluent flow. The research work mainly 
focused on the improvement of fungal selection through selective disinfection by 
continuously dosing ozone into the bioreactor. The fungal treatment system was evaluated 
based on the. fungal biomass yield and treatment efficiency in terms of organic removal to 
verify the effect of ozonation on the fungal treatment system. 
3.2 Materials and Methods 
3.2.1 Wastewater source and pretreatment 
Corn-processing wastewater collected from the Archer Daniels Midland (ADM) wet 
corn milling plant in Cedar Rapids, Iowa, USA, was used as a feed. The wastewater 
characteristics of corn-processing wastewater differed with every batch of wastewater 
collected. Therefore, experiments were conducted in duplicate using two different batches of 
wastewater (batch I and batch II). The major characteristics of the wastewater for the two 
different batches are :shown in Table 3.1. As the nutrient concentration was variable with 
every batch of wastewater collected, a soluble chemical oxygen demand (COD) to nitrogen 
and phosphorus ratio (COD:N:P) ratio of 150:10:1 (Jasti et a1. 2005) was maintained by 
adding . inorganic nutrients. However, this ratio did not account for the nutrients already 
present in the wastewater as it was uncertain whether they were readily available for 
microbial utilization. Ammonium sulfate and potassium dihydrogen phosphate were 
supplemented as nitrogen and phosphorus sources. The suspended solids in the wastewater 
caused some problems during the bioreactor operation by blocking the feed tubes. For this 
reason, nutrients were added to the wastewater in batches of 20 L and mixed well, and the 
suspended particles were allowed to settle for at least 24 h. In addition, feed tubing was also 
cleaned every day to prevent microbial fouling in the tubes. The average- suspended solids 
entering the bioreactor was around 15 0 and 141 mg volatile suspended solids (V S S)/L for 
/ J 
batches I and II, respectively. These procedures resulted in some variability in feed quality 
within the batches. 
3.2.2 Experimental setup 
The experimental setup (Figure 3.1) consisted of three continuous flow stirred tank 
reactors (CSTRs) of 1 L working volume. The CSTRs were operated at 38 ± 0.5°C as this 
temperature was found to be optimal for fungal growth (Jin et al. 1999a; Van Leeuwen et al. 
2003). Three fungal bioreactors were operated in parallel: one of them as a control without 
any ozonation. The other two bioreactors were operated with different dosages of ozone 
injection into the bioreactors through stone diffusers. The air containing ozone provided 
sufficient dissolved oxygen (DO) and mixing during wastewater treatment. The control 
reactor was aerated constantly with a stone diffuser to provide oxygen and maintain 
completely mixed conditions. DO and flow rate were monitored routinely to ensure that the 
dissolved oxygen level remained above 2 mg/L. 
Table 3.1 Wastewater characteristics of corn wet milling wastewater 
Parameters Unit Typical Batch I Batch II 
Total chemical oxygen demand (TCOD) mg/L 1600-2050 1600-1800 1600-1650 
Soluble chemical oxygen demand (SCOD) mg/L 1100-1850 1300-1680 1420-1490 
pH 4.0-5.6 4.0-5.0 5.2-5.6 
Total suspended solids (TSS) mg/L 200-440 300-440 300-400 
VSS mg/L 120-335 185-335 150-180 
Biochemical oxygen demand (BOD} mg/L 890-1900 890-2300 1100-1200 
Total Kjeldahl nitrogen (TKN) mg/L as N 34.5-3 80 3 80 160 
Total phosphorus (Total P) mg/L as P 18-33 23.7 33 
Ammonia mg/L as N 16-283 283 170 
Ortho phosphate (Ortho P) mg/L as P 5-16.4 15.2 16.4 
Sulfate mg/L 265-1229 1229 790 
*Five batches of wastevc~ater obtained from the Cedar Rapids ADM plant 
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3.2.3 B i ore actor operation 
The corn-processing wastewater was continuously pumped into the bioreactors with a 
hydraulic retention time (HRT} of 8 h from a wastewater storage tank stored in a refrigerator 
at 4°C. A constant temperature of 3'8°C within the bioreactor was maintained using a water 
bath. An optimal fungal growth pH of 4.0 (Jin et al. 1999b; Van Leeuwen et al. 2003; Tung 
et al. 2004; Jaouani et al. 200.5) was maintained in the bioreactors throughout the 
experimental run. Sodium hydroxide (0.1 N} and sulfuric acid (0.02 N} were used to maintain 
the pH in the bioreactors. Either could be dosed, as the pH change was not predictable. UVhen 
influent was continuously pumped, the mixed liquor pII varied depending on the influent 
wastewater pH. When the pH of the bioreactors was monitored without pH adjustment and 
influent. flow, it was observed that the pH of the mixed liquor increased. For these reasons, a 
pH controller was used to maintain a constant pH of 4.0. 
The solids retention time (SRT) in the bioreactor was maintained at about 2 days, which 
was found to be optimal based on previous study (Van Leeuwen et al. 2003). The SRT of the 
fungi was maintained by siphoning 500 ml mixed liquor directly from the bioreactor every 
day in three batches of about 167 ml three times a day to avoid large variations in biomass 
and soluble COD (SCOD) concentrations. Each bioreactor was fitted with a 100 µm 
microscreen over the bottom above the effluent port (Van Leeuwen et al. 2003). 
Occasionally, an increase in bioreactor volume was observed due to biofilm formation on the 
microscreen. In order to prevent biofilm blockages, the bioreactors were backwashed with air 
at a flow rate of 500 xnl/min. for 10 s everyday. The screens were also mechanically cleaned 
with a brush once a day. 
3.2.4 Ozone dosing 
Ozone generators (Model : `OZX-3 OOU,' Ena1y Trade Co. Ltd., China) were used to 
produce the required ozone dosage. The ozone dosage was adjusted by changing the supply 
voltage using a variable transformer. The ozone dosage changed exponentially with 
increasing voltage, whereas the air flow rate through the ozone generator was directly 
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proportional to the voltage. The ozone dosages ranged from 0 to 762 mg/L to optimize the 
effective dosage for fungal corn-processing wastewater treatment to achieve maximum 
bacterial reduction and fungal biomass production. In addition to the continuous studies, a 
series of batch tests using filtered sterilized wastewater effluent was also conducted to 
examine the organic removal contributed by ozonation within the bioreactor. The operation 
conditions in the bioreactor are summarized in Table 3.2. 
Table 3.2 Operating conditions in the bioreactor 
Parameters Value 
Total bioreactor working volume, L 
Temperature, °C 
pH 
HRT, h 
SRT, d 
Volume of bacterial chamber, %total volume 
COD:N:P 
Screen size, µm 
Ozone dosage (average), mg/L 
1 
38 ~ 0.5 
4 0.1 
8 
2 
<5 
150:10:1 
100 
0, 18, 29, 47, 57, 76 (~ 2) 
3.2.5 Fungal isolation from mixed liquor 
During the start-up, the bioreactors were inoculated with fungal species - Rhizopus 
of igos~o~us. Spore suspension (104 spores/ml) of R. of igospo~us were cultured in potato 
dextrose broth and incubated at 3 8°C for 48 h. Fungal pellets grown in the media were 
inoculated ,into the bioreactor during the start-up of the bioreactors. Isolations in potato 
dextrose agar (PDA) indicated a change in fungal culture in the mixed liquor, based on 
colony morphology and characteristics. To determine the growth of R. oligospo~us in corn-
processing wastewater, spore suspension was inoculated in filter-sterilized wastewater (0.45 
µm filters). Fungal pellets of R. of igos~o~us grew in filtered sterilized wastewater, although 
3-4 days were required to form pellets of a size equal to that found in potato dextrose broth. 
Moreover, the growth period of R. of igospo~us varied from 3 days to 2 weeks, depending on 
the batch of wastewater used. To determine the fungal culture present in the wastewater, 
isolations were cultured on PDA at different time periods during the operation of the 
bioreactor. Figure 3.2 shows the colony morphology of R. of igospo~us and the isolate from 
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the mixed liquors of the bioreactors. It was found that a single fungal microorganism 
dominated the mixed liquor during nonaseptic operation. This fungal organism was found to 
predominate in both control and ozonated bioreactors. The isolated culture was given for 
analysis to the Veterinary Diagnostic Laboratory, Iowa State University. 
(a) (a) 
Figure 3.2 (a) Rhizopus oligosporus (b) Isolation of the bioreactor mixed liquor 
3.2.6 Statistical analysis 
Statistical analysis was performed to identify the optimum ozone dosage in terms of 
fungal biomass production, bacterial biomass reduction, and SCOD removal. MATLAB° 7.0 
software was used for statistical analyses. Student's t-test was used for comparing the effect 
of different ozone dosages on measured parameters with those of the control (non-ozonated). 
The tests were performed for each of the two batches of the wastewater. Statistical 
significance at a 95% confidence interval (probability, p < 0.05) was considered for the t-test. 
In addition, the two batches of wastewater were compared using a regression model. The R°
2.3.0 program was used perform regression modeling to compare trends in SCOD removal 
and total and bacterial biomass in the two batches of wastewater. Based on the observed 
trend, a cubic equation was fitted to model results from each batch. ANOVA (analysis o f 
variances) was performed to compare the results from the two batches of wastewater. 
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3.2.7 Analytical methods 
The bacterial biomass was estimated by prefiltering mixed liquor through a 10-µm 
nylon screen, and the filtrate was measured gravimetrically to determine VSS. In addition, 
bacteria population sizes were measured with flow cytometry complemented with the 
LIVE/DEAD BacLight Bacterial Viability and Counting kit (Invitrogen, Carlsbad, CA, 
USA). This method determines the total number of cells. Live and dead cells were not 
differentiated, as the samples were stored for about a week before analysis. A flow cytometer 
was used to estimate the size and the number of different population groups. Larger 
population sizes were difficult to differentiate in the mixed liquor. Thus, populations with a 
cell size smaller than 2-3 µm were assumed to be bacterial cells. Ozone dosage, COD, TOC, 
TSS, VSS, BOD, TKN, total P, ortho-P, and sulfate were measured according to Standard 
Methods (American Public Health Association et al. 1998). Ammonia-nitrogen and pH were 
measured with a pH/Ion meter (Accumet AR 25 dual channel pH/Ion meter, Fisher 
Scientific, Fairlawn, NJ, USA) using ion-selective probes (Orion 95-12 ammonia electrode 
and Thermal low maintenance pH electrode). TOC was measured using a Dohrmann DC 180 
TOC analyzer (Mason, OH, USA). 
3.3 Results and Discussion 
3.3.1 Effect of ozonation on total biomass in the mixed liquor 
The total (sum of bacterial and fungal biomass) and bacterial biomass concentrations in 
the mixed liquor were determined to evaluate the ozonation efficacy in bacterial destruction. 
Total biomass measured gravimetrically at varying ozone dosages is as shown in Figure 3.3. 
In both batches, I and II, a maximum total biomass concentration of about 1,700 mg VSS/L 
was observed at 572 mg/L ozone dosage. When the total biomass concentration from both 
batches was averaged, a biomass increase from c. 1,450 to c. 1,750 mg VSS/L was observed 
at 57 mg/L, which is about a 20% increase. Statistical analysis was performed to compare the 
total biomass concentration at different ozone dosages with that of the control for each batch 
of wastewater. 
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Student's t-test indicated that the total biomass production in the mixed liquor was not 
statistically different from that of the control at ozone dosages of 29 and 47 mg/L for batch I 
and 18, 29, and 76 mg/L for batch II. Although the t-test indicated some variations between 
batch I and batch II results, the general conclusions that could be made are that (1) at around 
57 mg/L ozone dosage, the total biomass production improved significantly, (2) at low ozone 
dosages (18 and 29 mg/L), the total biomass production did not differ significantly from the 
control, and (3) the total biomass production at high ozone dosage (76 mg/L) was similar to 
that in the control. 
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Figure 3.3 The effect of different ozone dosages on average total biomass 
At 762 mg/L ozone dosage, the fungal biomass started forming pellets, different from 
the dispersed mycelial growth at lower ozone dosages (Figure 3.4). It could be speculated 
that ozonation may have induced pellet formation. Another observation was the change in 
mixed liquor color (based on visual observation) from the bioreactors (Figure 3.5). At higher 
ozone dosages (>47 mg/L), the ozonated mixed liquor was found to be lighter (whitish), 
while the control remained dark (brownish). 
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(a) (b) 
Figure 3.4 Bioreactor mixed liquor showing fungal growth at (a) low dosages (18 to 572 
mg/L) (b) high dosage (762 mg/L) 
(a) (b) 
Figure 3.5 Color of the mixed liquor (a) control and ozone dosages of 18 and 292 mg/L 
(from left) (b) control and ozone dosages of 47 and 572 mg/L (from left) 
3.3.2 Effect of ozonation on bacterial biomass in the mixed liquor 
Mixed liquor bacterial biomass was measured gravimetrically. Bacterial population 
densities were also measured using fluorescent stain flow cytometry to obtain comparative 
results. The bacterial biomass in the mixed liquor measured gravimetrically with varying 
ozone dosages is presented in Figure 3.6. Batches I and II showed a similar trend at all ozone 
dosages. The inactivating effect of ozone on bacteria was much higher in batch II than batch 
I. The bacterial biomass concentration reduced at ozone dosages of 47, 57, and 76 mg/L. 
Similar trends were also observed in bacterial population determined by flow cytometry 
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(Figure 3.7). Statistical results indicated that the bacterial concentrations were different from 
control at ozone dosages of 47, 57, and 76 mg/L. Thus, the following general conclusions 
were made (1) bacterial concentrations at lower dosages (18 and 29 mg/L) were not different 
from control, and (2) ozone dosages about equal or greater than 47 mg/L were effective in 
reducing bacterial populations. 
The bacterial biomass concentration (measured gravimetrically) at 76 mg/L of ozone 
dosage was found to be higher than that at 57 mg/L. Although the bacterial biomass seemed 
to be higher, the ratio of bacterial biomass to total biomass decreased from 11 to 7% at an 
ozone dosage of 76 mg/L in comparison with the control in batch II. The ratio of bacterial 
biomass to total biomass decreased from 11 % (at low ozone dosages) to 6 ~ 1 % (at higher 
ozone dosages) for this batch. However, the ratio of bacterial biomass to total biomass at an 
ozone dosage of 76 mg/L in batch I remained at 8%. The fluorescent stain flow cytometry 
analysis indicated one-log reduction in bacterial population with respect to control at ozone 
dosages above 47 mg/L. A maximum bacterial population reduction of 88% in batch I and 
90% in batch II were obtained at about 47 mg/L ozone dosage when compared with control. 
The average influent bacterial population was found to be 3 x 106 and 7 x 106 cells/ml in the 
batch I and batch II, respectively. The effluent bacterial population in the effluent was always 
80-90% of the mixed liquor bacterial population, indicating that the screens were effective in 
eliminating bacteria while retaining fungal biomass. 
Figure 3.6 Effect of ozonation on bacterial biomass measured by gravimetric analysis 
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Figure 3.7 Average bacterial population with varying ozone dosages measured by flow 
cytometry 
3.3.3 Effect of ozonation on organic removal in the bioreactors 
The organic removal efficiency in the bioreactor was evaluated based on SCOD 
removal. The bioreactor performance showed a similar trend in SCOD removal at varying 
ozone dosages when the two batches of wastewater were compared (Figure 3.8). At 57 mg/L 
of ozone dosage, a maximum mean SCOD removal of 89 and 90% was observed in batch I 
and batch II, respectively. The average SCOD removal for the control bioreactor was 83 and 
84% for batch I and batch II, respectively. When the ozone dosage was increased from about 
18 to 57 mg/L, there was a gradual improvement in the SCOD removal. At 76 mg/L ozone 
dosage, the SCOD removal decreased, which could be attributed to inhibition as 
demonstrated by the lower biomass production at the higher ozone dosage (Figure 3.3). 
Based on SCOD removal efficiency, 57 mg/L of ozone dosage performed the best among the 
tested ozone dosages, with 5 to 7% improvement in SCOD removal with respect to the 
control. 
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Figure 3.8 Average SCOD removal at different ozone dosages 
The SCOD removal was highest at 57 mg/L ozone dosage, where the total biomass 
concentration was highest as well. There was a slight variation in the trend of SCOD removal 
between batches I and II. At 18 mg/L ozone dosage, the SCOD removal was unpredictable. 
Removal was lower in batch I than in the control; while it was higher in batch II than in the 
control. Similarly, at 76 mg/L of ozone dosage, total biomass in batch I was lower than in 
the control, while it was higher in batch II than in the control. Statistical analysis revealed 
that ozone dosages above 45 mg/L affected the SCOD removal significantly when compared 
with the control. These results were similar to the total biomass production, that is, the 
higher COD removal could explain the larger fungal biomass production and vice versa. 
Organic loading rate into the bioreactor was determined at different ozone dosages for 
both batches of wastewater (Figure 3.9). It was found that the organic loading rate for batch I 
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varied from 4.8 to 5.4 g SCOD.L-'d-1. Variations in SCOD within every batch of wastewater 
were observed, depending on the storage period. Organic loading rate describes the minor 
fluctuations in the trend of total biomass and SCOD removal in batch I. Organic loading rate 
in batch II ranged from 4.3 to 4.5 g SCOD.L-ld-1. 
Figure 3.9 Organic loading rate in the bioreactors 
Figure 3.10 describes the biomass yield in the bioreactors. The biomass yield was 0.18 
to 0.19 gVSS/g SCOD removed for batch I. However, biomass yield increased from about 
0.185 gVSS/g SCOD removed (0, 18, and 29 mg/L ozone dosage) to about 0.225 gVSS/g 
SCOD (47, 57, and 76 mg/L ozone dosage) in batch II with increases in ozone dosage. 
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Figure 3.10 Biomass yield in the bioreactors 
3.3.4 Comparison between batches I and II 
Regression analysis was performed to compare the results of the two batches. Figure 
3.12 represents the results obtained from the R program. The dotted lines indicate the 
equation fit for the two batches of wastewater, while the solid line represents the trend of the 
combined data (batch I +batch II). The results from ANOVA (for comparing the equations 
of batches I and II) indicated that the SCOD removal behaved in a similar way in both batch I 
and batch II, while the total biomass and bacterial biomass concentrations varied between 
batch I and batch II. It can be observed from Figure 3.11 that both the total and bacterial 
biomass concentration measurements were different from each other in these batches at 
initial ozone dosages (<47 mg/L). Thus, it can be concluded that the wastewater batches 
behaved in a similar way or had a similar trend at ozone dosages above 47 mg/L. 
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3.3.5 Fungal culture in mixed liquor 
In order to determine the genera and species of the fungal culture in the bioreactor, 
RapID Yeast Plus Kit (Remel, Lenexa, KS, USA) was used by the Veterinary Diagnostics 
Laboratory, Iowa State University. RapID Yeast Plus Kit consists of a panel with several 
reaction cavities containing dehydrated reactants. Each cavity was inoculated with suspended 
broth culture. The panel consists of 18 different biochemical tests that can be confirmed 
simultaneously. Based on this test kit, the unknown culture was identified as Trichosporon 
beigelii. The unknown culture can be related to identified fungal type with 83% accuracy. 
The taxonomical classification of the organism is as follows: 
Kingdom: Fungi 
Phylum: Basidiomycota 
Subphylum: Basidiomycotina 
Order: Sporidiales 
Family: Sporidiobolaceae 
Genus: Trichospor~on 
Species: beigelii 
The observed organisms displayed enzymatic hydrolysis of p-nitrophenyl-N-acetyl-
(3,D-galactosaminide; p-nitrophenyl-a,D-glucoside; p-nitrophenyl-~3,D-glucoside; p-
nitrophenyl-a,D-galactoside; p-nitrophenyl-(3,D-fucoside; p-nitrophenyl phosphate; p-
nitrophenyl phosphorylcholine; proline-(3-naphthylamide; histidine-~3-naphthylamide; and 
leucyl-glycine-R-naphthylamide. The organisms detected also hydrolyzed the urea (based on 
Veterinary Diagnostic Laboratory results). Espinel-Ingroff et al. (1998) used this method for 
identification of T. beigelii. 
The colony morphology and microscopic pictures of the fungal isolate were compared 
to those found in the literature. The comparison of the fungal colony and microscopic 
pictures is presented in Figures 3.12. T. beigelii is a filamentous yeast that multiplies through 
pseudo-hyphae formation. The surface appearance of the colony was heaps and folds, with 
low and white aerial mycelium, usually white or cream in color. Two interesting aspects 
observed in the fungal isolate, not related to T. beigelii, were the peripheral colony formation 
in the plates when exposed to light and sporangium-like structures (Figure 3.13). 
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(c) (d) 
Figure 3.12 Microscopic pictures (1000X magnification) (a and b) and colony morphology (c 
and d). The pictures (a) and (c) are from Lee et al. (1990), while (b) and (d) are from fungal 
isolate in the present study. 
(a) (b) 
Figure 3.13 (a) Fungal isolate plate culture when exposed to light (b) Microscopic view with 
sporangium-like structure (1000X magnification) 
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3.3.6 Abiotic organic removal during ozonation 
Ozone is a strong oxidizing agent. As the wastewater in the bioreactor is continuously 
ozonated, ozone oxidation could have also contributed to organic removal. A series of batch 
tests at different ozone dosages was conducted using filter sterilized effluent to examine 
whether the ozonation contributed to the COD and total organic carbon (TOC) removal. 
Figure 3.14 illustrates the results obtained from the batch tests. 
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Figure 3.14 Abiotic TCOD, SCOD, and TOC removal in filter sterilized effluent at different 
ozone dosages 
The TCOD and SCOD followed a similar pattern with increasing ozone dosages. The 
TCOD and SCOD decreased initially with an increase in ozone dosage and then increased 
again. This could be probably due to variability in the sampling and analysis. It is possible, 
however, that the increase in COD could be attributed to ozonolysis products of complex 
organic compounds (e.g. aromatic). These aromatic compounds such as pyridine or 
recalcitrant substances are not oxidizable in the COD analysis (Chudoba and Dalesicky 1973; 
Standard Methods 1998; Lu et al. 2006), while the ozonolysis products could be measured as 
COD. Thus, to confirm this hypothesis, TOC was also measured. The variation in TOC (567 
~ 27 mg/L), indicated that there was some variability in the samples. Batch studies indicated 
that ozonation did not contribute to direct SCOD reduction through oxidation in the 
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bioreactors. The observed SCOD removal was therefore mainly due to biodegradation and 
assimilation by the microbial biomass. 
3.4 Conclusions 
The effects of ozonation on bacterial contamination, fungal biomass production, and 
soluble chemical oxygen demand were evaluated in a suspended growth bioreactor treating 
corn-processing wastewater. Based on SCOD removal efficiency, around 57 mg/L ozone 
dosage was optimal among the tested ozone dosages (0 to 76 mg/L) with 5 to 7% 
improvement in SCOD removal compared with the control. Maximum fungal biomass 
concentration of 1,700 mg VSS/L and one-log bacterial reduction was obtained at c. 57 mg/L 
ozone dosage. Ozonation was effective in reducing the bacterial population during fungal 
cultivation on corn-processing wastewater. The two batches of the wastewater showed a 
similar trend in SCOD removal, fungal biomass production, and bacterial elimination at 
ozone dosages above 47 mg/L. A maximum biomass yield of 0.23 gVSS/g SCOD removed 
was obtained at 57 mg/L ozone dosage in batch II. T~ichosporon beigelii was found to 
predominate in the mixed liquor from all the bioreactors throughout the experimental run. 
Miao (2005) had conducted similar studies on selective disinfection using hydrogen 
peroxide. The COD removal was found to be lower than in the present study. The probable 
reason could be the wastewater source. Corn-processing wastewater from the ADM wet mill 
in Clinton, Iowa, was used as a substrate in research conducted by Miao (2005), whereas the 
wastewater source in the present study was from the ADM wet mill in Cedar Rapids, Iowa. 
Miao achieved 800 mg VSS/L increase in total biomass concentration at 60 mg/L hydrogen 
peroxide dosage when compared with control. In the present study, a maximum of 300 mg 
VSS/L increase was observed at 57 mg/L ozone dosage. 
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4. GENERAL CONCLUSIONS 
The primary objective of this research was to determine the ozone dosages that would 
eliminate bacterial growth without significant deleterious effects on fungal growth and 
organic removal during nonaseptic treatment of corn-processing wastewater. The fungal 
wastewater treatment process can produce a high fungal biomass yield that can be used to 
derive valuable biochemicals. The conclusions of this research are summarized as follows: 
1. Rhizopus oligospo~us was initially used as an inoculum during start-up of the suspended 
growth reactor. The subsequent culturing of mixed liquor from the bioreactors indicated 
that there was contamination within the fungal system. R. oligosporus could not sustain 
itself as a predominant culture under nonaseptic operation. When isolations were done 
using potato dextrose agar, T~ichosporum beigelii appeared to be predominant in the 
mixed liquor. However, the source of the T. beigelii is unknown. 
2. The corn-processing wastewater had high suspended solids concentration, and the 
settleability of the suspended solids was poor. This suggested than the corn-processing 
wastewater may require pretreatment for suspended solids removal prior to fungal 
treatment. Settling or filtration could be considered. 
3. Ozone dosages above 472 mg/L had an effect on the total biomass (bacterial +fungal), 
bacterial biomass, and SCOD removal when compared with the control. At ozone 
dosages 47 and 572 mg/L, there was an improvement in SCOD removal and fungal 
production, while it decreased at 762 mg/L. Ozone dosages lower than 47 mg/L did not 
show a significant difference in the bioreactor perfo~~~iance in tel~~is of biomass 
production and SCOD removal when compared with the control. Thus, ozone dosages 
larger than about 47 mg/L are required for the best performance in fungal cultivation. 
4. Among the ozone dosages tested (i.e., 0 to 76 mg/L), a dosage 57 mg/L perfo~l~ied best in 
terms of biomass production as well as bacterial elimination. SCOD removal was also 
found to be the highest at 57 mg/L ozone dosage. 
In comparison with the previous studies (Miao 2005) on selective disinfection using 
hydrogen peroxide, ozone did not perform as well as hydrogen peroxide 
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APPENDIX A 
EXPERIMENTAL SETUP 
Figure A.1 Experimental setup of the bioreactor 
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APPENDIX B 
WASTEWATER CHARACTERISTICS 
Table B.1 Cedar Rapids corn-processing wastewater characteristics 
Parameters 
TCOD 
SCOD 
pH 
TSS 
VSS 
BOD 
TKN 
Total P 
Ammonia 
Ortho P 
Sulfate 
Nitrate and nitrite 
Chloride 
Sodium 
Potassium 
Magnesium 
Calcium 
Unit 
mg/L 
mg/L 
mg/L 
mg/L 
mg/L 
mg/L as N 
mg/L as P 
mg/L as N 
mg/L as P 
mg/L as SO4
mg/L as N 
mg/L as Cl 
mg/L as Na 
mg/L as K 
mg/L as Mg 
mg/L as Ca 
'Five batches of wastewater obtained from Cedar Rapids ADM plant 
Concentration* 
1600 to 2050 
1100 to 1850 
4.0 to 5.6 
200 to 440 
120 to 335 
890 to 1900 
34.5 to 380.0 
18 to 33 
16 to 283 
5.0 to 16.4 
265 to 1229 
0.02 to 0.24 
240 to 523 
460 to 670 
8.5 to 9.6 
11 to 17 
41 to 78 
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APPENDIX C 
OZONE CALIBRATION CURVES 
Figure C.l Ozone production in ozone generator I 
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Figure C.2 Ozone production in ozone generator II 
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APPENDIX D 
OZONE TRANSFER EFFICIENCY 
Figure D.l Experimental setup for determining ozone transfer efficiency 
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Figure D.3 Transfer efficiency at varying voltages 
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Note: 
The procedure for measuring the residual is briefly described below. The gas-washing 
cylindrical bottle was filled with wastewater effluent, while the conical flask was filled with 
potassium iodide (KI) solution. The ozone in the gas phase from the ozone generator passes 
through the diffuser into the wastewater effluent. The free (unconsumed) ozone gas would 
rise to the top of the cylinder and pass through the tubings into the KI solution. The residual 
ozone was considered to be the difference between the ozone concentration obtained from 
direct ozonation of KI solution and the ozone concentration in the KI solution using the gas-
washing cylinder (as shown in Figure D. l ). The transfer efficiency was found to be 100% at 
low voltages, as the flow rate at lower voltages (flow rates at lower voltages were low) was 
not high enough to overcome the resistance of the two diffusers and the other connections. 
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APPENDIX E 
ABIOTIC ORGANIC REMOVAL DURING OZONATION OF 
WASTEWATER 
Figure E.1 Organic removal during ozonation of filter sterilized wastewater 
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APPENDIX F 
FUNGAL ISOLATE IDENTIFICATION 
Table F.1 Biochemical tests in RapID Yeast Plus test 
Cavity# Test Code Reactive Ingrdient Quantity Principle 
1 
2 
3 
4 
S 
GLU 
MAL 
SUC 
THE 
RAF 
Glucose 
Maltose 
Sucrose 
Trehalose 
Raffinose 
1.00% 
1.00% 
1.00% 
1.00% 
1.00% 
Utilization of the carbohydrate 
produces acidic products which 
lower the pH and change the 
indicator 
6 LIP Fatty acid ester 1.00% 
Hydrolysis of the fatty acid ester 
releases acidic products which 
lower the pH and change the 
indicator 
7 
8 
9 
10 
11 
12 
13 
14 
NAGA 
aG LU 
~3GLU 
ONPG 
aGAL 
~3FUC 
PHS 
PCHO 
p-Nitrophenyl-N-acetyl-(3,D-
galactosaminide 
p-Nitrophenyl-a,D-
glucoside 
p-Nitrophenyl-(3,D-glycoside 
o-Nitrophenyl-(3,D-
galactoside 
p-Nitrophenyl-a,D-
galactoside 
p-Nitrophenyl-~3,D-fucoside 
p-Nitrophenyl phosphate 
p-Nitrophenyl 
phosphorylcholine 
0.00% 
0.05% 
0.05% 
0.05% 
Enzymatic hydrolysis of the 
colorless aryl-substituted 
glycoside or phosphoester 
releases yellow o- or p-
0.05% nitrophenyl which is detected with 
RapID Yeast Plus Reagent A 0.05% 
0.05% 
0.05% 
15 URE Urea 
Hydrolysis of the urea produces 
0.30% basic products which raise the pH 
and change the indicator 
16 PRO Proline-~i-naphthylamide 0.01 
17 0.01% Enzymatic hydrolysis of the 
arylamide substrate releases free 
~3-naphthylamine which is 
18 LGY 0.01 % detected with RapID Yeast Plus 
Reagent B 
HIST Histidine-~3-naphthylamide 
Leucyl-glycine R-
naphthylamide 
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Table F.2 Results from RapID Yeast Plus test 
r~m~l 
Reference # ! No. de rbfArence / Referent-Nr. 1 Ri rimento N. ! N° de referenda 
3 3o)t~ to Date 1 Dale !Datum /Data ! Fecha 
Tech /Tech ! Terhn. !Tech ! Tec  
Source / Source ! 
Reagent I RBadif ! 
Reagent ! 
Reagente I Reactivo 
Positive Reactions 
Reactions positives 
Positive Reaktionen 
Reazioni positive 
Reacciones positives 
Cavity #, No. cavil€ ! 
Kammer•Nr. !Cavite N. ! 
N' de cavidad 
Test Code 
Code du test 
Testwde 
Codice esame 
Cbdigo de prueba 
Value / Valeur !Wert 
Vabre 1 Valor 
Result ! R~sultat 
Ergebnis ! Risuttato 
Resultado 
'ue Total 
curs 
.vert 
,. tale 
Val. otal 
RapID' Yeast Plus Report Form 
S; r ~o~ S~-~ko~--r~r-
~ ~ 
None I At!an ! Keine, 
RaPID Yeast Plus Reagent A; Reactif A RapID Yeast ~~ 1 ~~ ! Keine, 
RapID Yeast Plus Reagent B 1 Reactrf B RapID Yeast 
Nessuno 1 Ninguno Plus 1 ReplDYeast Plus Reagens A 1 RapID Nessuno 1 Nirguno 
1 RapID Yeast Phn Reager>s 8 1 RapID Yeast 
Yeast Pius Reagent A / Readies RapID Yeast Plus A Plus Reagent B / Reactive RapID Yeast Pkts B 
Yelbw Yelbw Red a Dark red•orange Purple, red, or dark pink 
Jaune Jaune Rouge ou rouge orange (once Violaoe, rage ou rose force 
Gelb Gelb Rof odor dvnkles Rotarange Purpur, rot oder dunkelrosa 
Giab Giab Rosso o rosso-aranaone saro Porpora, rosso o rasa saro 
Mlarib Amarib Rojo o rojo•naranja asaro Morado, ro~ o rasa oscuo 
t 2 3 4 5 6 7 8 9 10 11 12 13 t4 15 16 17 18 
GLU MAL SUC THE RAf LIP 1NGA 1311 BCill Ot(~'G aGPI BFUC f'HS PCTiO URE PRO NIST LGY 
1 2 4 1 2 4 1 2 4 1 2 4 1 2 4 1 2 4 
..~ s ~ r r ~ 
;y:;?;:; 
r ~ 
'~: 
::~: ;: 
':,%' 
. ...... 
...y.•y 
~$ '" 
,f .; • . 
y ;f 
~': 
_~ 
IDENTI 'CATION I IDENTIFICATION 1 W~ 
IDENTIFILIERUNG / IDENTIFICA21ONE f IDEN'IFICAC16N 
Microcode  
REMEL Inc 800-255-6730 Printed in usA 9103 
C~ 
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APPENDIX G 
MICROGRAPHS FROM FLOW CYTOMETER 
Figure G.1 Wastewater influent sample (20 Jan 2006) 
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Figure G.2 Non-ozonated bioreactor sample (30 Jan 2006) 
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Figure G.3 Ozonated bioreactor sample at about 18 mg/L ozone dosage (30 Jan 2006) 
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Figure G.4 Ozonated bioreactor sample at about 29 mg/L ozone dosage (30, Jan, 2006) 
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